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THESIS








A long-duration logistical wargame simulation tool that can provide quick insights
into the daily aircraft availability and the daily number of missions accomplished for
a variety of operational scenarios is developed. This simulation tool is designed to
be a stepwise wargaming support tool for adjudication within long-duration logistical
wargames and provides the user many capabilities including, but not limited to, the
ability to have multiple bases and types of aircraft. Additionally, the user has the
ability to control types of part failures, control parts availability, control maintenance
capabilities, and control number of mission scheduled. Finally, the user can account
for the possibility of attrition along with the effects of numerous major events present
in real-life scenarios. Validation of the tool is achieved through application of a
space covering design along with regression modeling and shows that the tool is
well-behaved, functions as expected, and can quickly provide meaningful insights into
operational scenarios. A utilization rate method is explored that informs the allowable
inputs that result in stable long term behavior within the model. An analysis of
a variety of operational scenarios demonstrates the effectiveness and usefulness of
this tool. Future developments are proposed that can expand the functionality and
usefulness of this simulation tool.
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The Effects of Aircraft Use and Available Repair Spares on Aircraft Sortie
Generation: A Long-Duration Logistical Wargaming Simulation Tool
I. Introduction
1.1 Problem Background
In conducting operations, Air force planners must balance the conduct of mis-
sions against the impact on near-term aircraft availability. Since equipment becomes
damaged over time with usage, a trade-off exists between current usage and future
availability. Additionally, operational scenarios may require decision makers to bal-
ance the availability of mission aircraft with their operational impact by changing the
number and the type of missions flown. In order to explore these trade-offs, a tool
that helps users observe the trade-offs between the future daily aircraft availability
and the current aircraft usage would be beneficial. Such a tool would incorporate ad-
ditional realism into planning processes that do not have planning tools that capture
such trade-offs. A tool such as this must not only be traceable and defendable, but
must also function quickly to inform real-time operational impacts.
1.2 Research Objectives
The objective of this thesis is to create a simulation tool that can project an
estimate of the daily aircraft availability and the daily number of missions accom-
plished based on a set of inputs that define an operational scenario. This tool needs
to be easy to use and able to return a result in a short period of time in order to
be practical. To reduce the computation time of the simulation, real-world processes
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will need to be simplified to reduce the complexity and number of calculations that
must be done. The abstraction to a simpler model has added benefits of traceability
and defendability, as well as increased versatility. Generalization also may allow for
robust use over a wide variety of locations as it will not be bound by assumptions
about specific real-world locations.
Once developed, the model will be validated to behave properly. Additionally,
the tool will also be used to demonstrate operational scenarios to provide insights
into the effects of different parameters of the system. For example, an operational
scenario can explore the effect of increasing the number of on-site spares available for
maintenance on the daily aircraft availability and the daily number of missions flown.
The operational scenarios that will be explored in this paper include:
1. Increasing the quantity of missions over a short period of time on the daily
aircraft availability and the daily number of missions flown.
2. Increasing the attrition rate of missions on the daily aircraft availability and on
the daily number of missions flown.
3. Flying aircraft between bases to reinforce an operational environment experienc-
ing a high attrition rate on the daily aircraft availability and the daily number
of missions flown.
4. Changing the repair rate of damaged aircraft on the daily aircraft availability
and the daily number of missions flown.
5. Changing the rate of part failures of aircraft on the daily aircraft availability
and the daily number of missions flown.
6. Damaging and destroying a variety of number of aircraft on a specific period
on the daily aircraft availability and the daily number of missions flown.
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7. Changing the number of on-site spares available for repairing aircraft during
a time period when new spares are not able to be acquired on daily aircraft
availability and daily missions flown.
Once the scenarios have been explored, the run time of the simulation tool will
be investigated.
1.3 Document Overview
The remainder of this document is as follows. Chapter 2 provides an overview
of other research and approaches to modeling the average aircraft availability and
sortie generation processes. Chapter 3 describes the approach to the development of
the simulation tool and the method of how to use the tool. Chapter 4 develops the
results of the analysis that was done on the simulation tool and provides insights.
Chapter 5 summarizes the conclusion and discusses future work that can be done on
the simulation tool to continue to expand its features and functionality.
3
II. Background and Literature Review
This chapter presents a review of relevant literature and previous research and
methods that have been used to investigate sortie generation and mission capable
rates of aircraft squadrons.
2.1 Overview
The aircraft and the equipment that is required to complete missions must be of
mission capable status in order for the Air Force to successfully conduct its missions.
In this paper, an aircraft is considered to be mission capable if it is functionally able
to fly and complete its missions. The Air Force has three different classification levels
of mission capable status: fully mission capable, partially mission capable, and non-
mission capable; aircraft in either fully mission capable or partially mission capable
status is considered to be mission capable, since it is still able to complete the mission
that it is assigned[1]. When aircraft are mission capable, they are able to fly sorties.
The definition of a sortie that will be used by this paper adopts Mackenzie, Miller,
Hill, and Chambal’s definition of a sortie, which is one mission flown by an individual
aircraft[2].
Due to the importance of flying and completing the Air Force’s missions, there
have been many methodologies and approaches employed to study the real-world
systems and processes impacting both the sortie generation rates and the mission
capable rates of the Air Force’s aircraft. For example, Faas utilized discrete-event
simulation to model the effects of the Autonomic Logistics System, which is a tool
that can autonomously handle certain logistical tasks, including sending notifications
that a returning aircraft will not be able to fly its next missions and automatically
ordering parts needed for maintenance, on the sortie generation process of a fighter
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squadron[3]. Similarly, Aykiri developed a discrete-event simulation tool to model the
sortie generation process of a specific Turkish air base in order to support decision-
making in the Turkish Air Force[4].
Agent based modeling is another approach that has been employed to study sortie
generation rates. Agent based modeling differs from top-down approaches, such as
discrete-event simulation that may not adequately capture the unknown effects of a
system, by modeling individual agents interacting with other agents and resources to
observe the properties of the system of interest that may not be captured with other
methods[5].
Due to the complexity of the process of generating sorties, it can be difficult to
generate a single model to consistently and accurately reflect the true sortie genera-
tion rates of different real-world systems. Despite the complexity of sortie generation,
its fundamental processes and behaviors can be observed with a simple model[6]. Us-
ing the appropriate approach, assumptions, and simplifications, Dietz and Jenkins
managed to find an analytical method that can accurately estimate the mean perfor-
mance of sortie generation processes modeled as a queuing network with concurrent
repair activities[6]. Though the proposed model may not include all of the variables
necessary to be able to replace simulation analysis, Dietz and Jenkins demonstrate
how simplified models, such as queuing models, can still provide useful insights into
sortie generation. Previous work suggests that it may be beneficial to produce a
simple, a flexible, and an expedient tool that can quickly approximate the aircraft
availability across Air Force bases while including the variables that may be neglected
in non-simulation based models to support decision making processes for situations
when there is not enough time to utilize computationally expensive simulations, but
that still require a significant level of detail.
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2.2 Simulation
Simulation is an effective tool because it can provide meaningful insights into sys-
tems that may be too complicated for the current analytical approaches to solve[7].
Simulations can be used to compare different scenarios or policies and can even be
used to find optimal solutions to problems using a process known as simulation
optimization[8]. Since the process of sortie generation is a complicated process to
study and to create analytical models for, simulation methods can be an effective
way to investigate the impact of different changes to the process. There have been
numerous studies that have used simulation to study the effects of different scenarios
on sortie generation rates. In simulation, it is important to focus on the purpose of
the simulation in order to make the appropriate simplifications to the model so that
an adequate answer to the question at hand is realized.
There are many studies that have used simulation to model the sortie generation
process in the Air Force. Balaban, et al, used Crystal Ball, a simulation software, to
develop a mission capable rate model specifically for the C-5 in order to investigate
the potential benefits of upgrading different systems in the C-5[1]. Crystal Ball is
a Monte Carlo simulation software that is run as an add-in to Microsoft Excel to
run Excel models[9]. The simulation that Balaban, et al, developed assumes that
multiple C-5 parts can fail upon return from a mission with a specified duration.
Most components were modeled to fail according to an exponential distribution with
a specified rate of failure; other non-time dependent components were modeled to fail
according to a binomial distribution[1]. Distinguishing the rate of failure of each of
the parts separately allows the model to capture part failures more accurately.
O’Neal [10] demonstrates the importance of determining failure rates of a part
as either time dependent or non-time dependent since the rate of failure of some
parts are more correlated with the number of hours flown, while other parts are more
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correlated with the number of missions flown; O’Neal demonstrates that incorporating
this distinction can significantly reduce forecasting error of spare part demand[10].
Similarly, Balaban, et al, model was shown to provide realistic mission capable rates
for the C-5, which was the focus of their model[1].
Agent-based modeling has also been used to study the sortie generation process.
MacKenzie, Miller, Hill, and Chambal used NetLogo, an agent-based modeling en-
vironment, to examine the effects of different maintenance personnel on the sortie
generation rate of a single fleet of aircraft[2]. Agent-based modeling allowed them
to model the effects of individual maintenance personnel with a variety of skill levels
and Air Force Specialty Codes (AFSC) interacting with one another and the system.
The individual agents in the simulation attempted to simultaneously provide the ap-
propriate maintenance and provide adequate training to other agents to model the
trade-off between the dedication to training and the dedication to performing main-
tenance on aircraft. This approach of agent-based modeling allowed the researchers
to observe dynamic processes and relationships in the maintenance aspect of sortie
generation[2].
Simulation tools have also been developed in attempt to obtain quick insights
into the state of a fleet at any given point in time. Harris developed the Sortie
Generation Rate Model that can be used to quickly test different scenarios effects on
the sortie generation rate to quickly compare planning options and to add realism to
the planning processes of operations[11]. The Sortie Generation Model was developed
as a discrete-event simulation in Arena 5.0 and utilizes triangular distributions to
estimate event times. Since the model was intended to be used quickly, there were
far fewer inputs required than in other simulations modeling similar systems. This
tool was validated by comparing the sortie generation rates to previous studies that
used other simulation models, specifically LCOM and Flyer[11]. Despite the many
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assumptions required to build the Sortie Generation Rate model, it showed that
even simple simulation tools may be beneficial in planning operations where time to
perform analysis is limited.
2.2.1 Part Failures
In order to appropriately model the mission capable status of aircraft, both the
aircraft usage and the aircraft maintenance must be simultaneously modeled in the
simulation[12]. Many of the simulations that are used to study the sortie genera-
tion process incorporate both the aircraft usage and the maintenance of the sortie
generation process for this reason. Modeling an appropriate rate of arrivals of air-
craft requiring maintenance is important in simulations of sortie generation because it
allows the maintenance aspect of sortie generation to be incorporated into the model.
Aircraft failures are important events that can be used to obtain an appropriate
arrival rate of aircraft needing maintenance. Due to the complexity of aircraft, there
are many factors that affect the rate at which part failures occur. Some of these
factors include the environment where the part is used, the frequency and duration
that the part is used, and the load on the part during each usage. Despite the many
factors that affect the rates of failures in aircraft parts, the part failure rates can be
based solely upon the overall duration of time the aircraft is used[12]. Additionally,
the inter-arrival times of failures can be modeled with an exponential distribution
in certain circumstances[13]. Thus, for simplification of the model, the inter-arrival
times of aircraft failures can be represented with an exponential distribution of a
known failure rate. Additionally, exponential distributions are useful in discrete-
time simulations because they are memoryless, meaning that the probability of an
event occurring within a certain period of time is independent of the current time.
Equation (1) defines this memoryless property.
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P (T > t+ s|T > t) = P (T > s) (1)
Besides part failures, there are also many other reasons why an aircraft can be
in a non-mission capable state and requiring maintenance. Some of these reasons in-
clude: isochronal inspections, which are scheduled maintenance activities performed
approximately every 400 days; home station checks, which is a scheduled maintenance
activity performed approximately every 90 days; refurbishments, which includes mi-
nor routine maintenance that is not as a result of part failure; and other non-corrective
maintenance[1]. Although there are many reasons why an aircraft can be in main-
tenance, the primary reasons why an aircraft is in maintenance is a result of part
failures; thus, flight failures may represent the only source of required maintenance
when modeling aircraft availability through a sortie generation process[14].
2.2.2 Maintenance
The maintenance aspect of sortie generation is difficult to replicate accurately in
models due to its complexity. Maintenance capabilities are also difficult to simulate
because of the uncertainty in the effects of supply chain disruptions, which can result
from the actions of an enemy or simply the absence of spare parts[15]. Despite its
complexity, maintenance operations are important to incorporate into sortie genera-
tion models because of their ability to heavily impact the number of mission capable
aircraft available for operations. There have been many approaches and simulations
to study maintenance systems. Alrabghi and Tiwari demonstrated that discrete event
simulation is an effective method for modeling and obtaining insights into complex
maintenance processes[16]. The quantity of spare parts available is one of the aspects
that can affect the effectiveness of the maintenance process. Spares are especially
important to include in simulating maintenance processes because if a spare part is
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not available to be used for a repair, it will result in additional time needed to fix
the damaged part[1]. Changsung states that maintenance capability can be improved
by increasing the number of spare parts available to maintenance teams; however,
having large number of spares is not always feasible due to the cost of maintaining
and storing spare parts[12]. Agent based modeling has also been employed as another
approach to study the maintenance system’s effect on sortie generation. MacKenzie,
et al, demonstrated that the number of personnel of different Air Force Specialty
Codes (AFSC) and different training levels significantly influence the effectiveness of
a maintenance system supporting sortie generation[2]. They did this by modeling
individual maintenance personnel, each with a different training and knowledge base,
making decisions and interacting with other personnel to represent the maintenance
process[2]. Since the quantities of AFSC personnel impact the effectiveness of the
maintenance process, the Logistics Composite Model (LCOM) can be used to gener-
ate models that relate the quantity of different AFSC personnel to the rate of repair
in maintenance. Likewise, LCOM is a simulation that has been validated for study
the effects of personnel capability on various Air Force systems[17]. It can be used to
obtain insights into the rate of repair for certain aircraft for varying levels of AFSC
personnel.
2.3 Chapter Summary
The purpose of this chapter was to provide a summary of some of the previous
research that has been done to study sortie generation. Various types of simula-
tion methods were highlighted, including discrete-event simulation and agent-based
modeling, to study the sortie generation process. The chapter then discussed two
important aspects of sortie generation that are important to be included into simu-
lations attempting to model it: part failures and maintenance. Subsequent chapters
10




The purpose of this chapter is to discuss the simulation tool that was developed
to provide predictions into operational aircraft availability and mission accomplish-
ments, verfication and validation of model adequacy, and the approach to demonstrate
the capabilities of the simulation tool. There are two parts of the simulation tool:
the graphical user interface and the simulation model. Both of these aspects of the
tool are discussed in this chapter. Section 3.2 discusses the development of the simu-
lation model and the key assumptions that were made to simplify the model. Section
3.3 discusses the methodology used to determine an appropriate input ranges used
to validate the behavior of the model. Section 3.4 discusses how to use the tool’s
graphical user interface.
3.2 Model Development
The simulation tool that is developed is a discrete-time simulation called the Ex-
pected Number of In-Game Mission-Capable Aircraft (ENIGMA). A discrete time
simulation process is used because the purpose of the tool is to compute the aircraft
availability at the beginning of each day, and a discrete time simulation provides the
proper framework to obtain that information. Additionally, a discrete time simula-
tion approach allows the simulation tool to run in a stepwise fashion, which will allow
decision-making to be incorporated into the simulation. The purpose of its develop-
ment was to produce a tool that could be used to predict the operational aircraft
availability of specific types of aircraft and mission accomplishments across different
bases for adjudication in long-duration wargaming. The most recent version of this
simulation tool was developed and coded in MATLAB 2019a. Similarly, the graphical
12
user interface was also developed and coded in MATLAB 2019a. This application is
also compiled in MATLAB’s application compiler and can be run as a standalone
application when the appropriate version of MATLAB RunTime is installed on the
device that is attempting to use this tool. The simulation model and the graphical
user interface were developed separately. The simulation model was created first and
verified to function as expected. The graphical user interface was created after the
simulation model was created to allow users to run simulations without the burden
of working directly with the MATLAB functions.
Figure 1: Overview of ENIGMA
A visual overview of ENIGMA is shown in Figure 1. ENIGMA uses inputs describ-
ing scheduled missions, any major events that may occur, failure rates, and repair
rates to run a discrete time simulation to output the predicted daily aircraft avail-
ability and the daily quantity of missions accomplished throughout the duration of
13
the simulation. This simulation tool simplifies the modeling of aircraft availability by
representing the aircraft availability as a queuing-like system with a varying failure
rate and varying repair rate. In the current version of ENIGMA, the repair rate
is a direct input. However, future versions of ENIGMA will include an option to
determine a repair rate from models describing the relationship between the repair
rate and the quantity of maintenance personnel. Although this feature has not been
implemented in this phase of ENIGMA, the relationship between repair rates and
maintenance personnel will be described by Air Force Specialty Codes (AFSC) and
will be developed from outputs of experimental designs run on LCOM.
Table 1: Features Available in this Phase of ENIGMA
ENIGMA simulates the daily operational aircraft availability of specific types of
aircraft at bases by tracking the status of individual aircraft throughout the simula-
tion. ENIGMA does not have any predefined bases nor predefined aircraft already
coded into the model; the user is able to define any type of aircraft and any base
name that they wish to include in the model as long as the names satisfy the naming
requirements of variables in MATLAB. This flexibility of ENIGMA allows the user to
use arbitrary names for aircraft types, part failure types, and bases. User-controlled
features that are included in this version of ENIGMA are shown in Table 1.
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3.2.1 Simulation Process
The simulation requires a couple of sets of inputs from the user in order to run.
These inputs are tables that contain the necessary information describing the scenario.
This necessary information includes maintenance information, mission information,
aircraft information, and major events information. The required information will be
discussed in more depth later in this paper. Once all of the necessary information
is uploaded into the simulation tool, the information is converted and stored as the
appropriate data types. Once the necessary information is prepared, the simulation
is run. The simulation is a discrete time simulation with a period length of one day
and the beginning of each period represents the very beginning of each day. The
time-step process of this simulation is shown in Figure 2.
Figure 2: Time-Step
At the beginning of each time-step, all major events that have been scheduled to
occur on this day will occur before any missions are flown and before any maintenance
is performed. The following steps then occur at each base separately in the following
order. First the base maintenance attempts to repair broken aircraft. Second, the
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scheduled missions that may result in part failures and attrition are flown. Third, the
maintenance system is updated to reflect the proper state of the maintenance system
at each base.
Many of the nuances that allow the logic of the simulation to function properly
are excluded from the description in this paper. The specific time that events occur
during a period, or day, is assumed to be irrelevant for future periods. For example, if
an object enters an arbitrary State 1 during period n, where a State is a set of values
defining the characteristics of an object, it is treated as though it has been in State
1 for one full period during all of period n+1 regardless of when the object entered
State 1 during period n. This assumption is important because the simulation is
utilizing discrete-time steps.
3.2.2 Major Events
Major events are one of the features of ENIGMA that may be useful in examining
many scenarios because they allow for changes to the system during the simulation
that do not have to result from aircraft flying missions or from maintenance repairing
aircraft. For example, it may be interesting to study the impact of a sudden loss of
aircraft and maintenance personnel on sortie generation. There is a set number of
predefined major events that can occur in the simulation because each major event
must be coded into the simulation tool separately. Each major event available in the
simulation tool is represented by an identification code, which is used to input the
major event into the simulation. Table 44 in Appendix A shows the current major
events and their required inputs that are available in the current version of ENIGMA.
Major events are implemented before any other process in the iteration cycle of
the simulation. Thus, they occur immediately before each period’s maintenance and
mission operations of each base. This ordering is done in order to prevent issues with
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aircraft traveling to different bases when returning from missions, because the order
that bases execute their missions are not predetermined. Multiple major events may
occur in a single period; however, the order that these events occur in a single period
are also not predetermined, which means that the user should avoid assigning major
events that require a specific order of execution in the same period since the major
events may execute in an undesired order. If the order that the events occur is not of
concern to the user, then having multiple major events in a single day will not result
in any issue.
3.2.3 Maintenance
The maintenance process is included in the simulation because it allows damaged
aircraft to be repaired and return to mission capable status. An overview of the
simulated maintenance process at each base is shown in Figure 3. When an aircraft
is damaged, the first step is to determine the type of part failure the aircraft had.
If there is a spare part available that is required to make the repair of the type of
failure, then the aircraft awaits repair; otherwise, the aircraft must first wait until the
necessary part becomes available before it is ready to be repaired. Once an aircraft
is repaired, it returns to mission capable status and can fly missions.
Part Failures
Each simulated base is assumed to have a maintenance system that can be used
to repair damaged aircraft. The process of each of the maintenance systems at each
of the bases are assumed to be the same. Although there are many reasons why an
aircraft can be in maintenance, this model assumes that an aircraft is in maintenance
only as a result of a part failure. ENIGMA does not predetermine any type of part
failures for any aircraft type; thus, the types of failures that can occur are determined
entirely by the user. The user must define the types of failures for each type of aircraft
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Figure 3: Overview of Maintenance Process
that will be in the simulation. For each of these types of failures, the user must also
define additional information that determines how often failures occur and what the
proportion of failure types of each type of aircraft is at each base. The proportion of
each type of failure for a specific type of aircraft at a specific base are determined by
user-specified weights.
Specifying failure rates by base accounts for varying operating conditions at each
base. This provides the user needed flexibility to adjust failure rates of aircraft parts
to their expected value at each of the bases. For simplicity of the model, an aircraft
is assumed to only have a maximum of a single part failure at any given time. Addi-
tionally, all aircraft fail according to an exponential distribution with a mean of the
user assigned Mean-Time Between Failure (MTBF) for that type of aircraft.
Once an aircraft returns from its mission, attrition is adjudicated based on the
probability of loss specified by that mission. If the aircraft is no longer usable due to
attrition, then the aircraft is assigned to a base labeled ”N/A” indicating that the air-
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craft is no longer usable for the remainder of the simulation. If the aircraft is not lost
due to attrition, then the aircraft will have a part failure according to an exponential
distribution with a mean defined by the MTBF assigned to that aircraft type. Since
aircraft are able to return to different bases after completing a mission, ENIGMA
uses the MTBF of the aircraft type assigned to the base that the aircraft flies from
to determine failures. In contrast, the base that the aircraft returns to determines
the type of failure that occurs because the aircraft will be added to the maintenance
system of the return base if a failure occurs. Since all failures are assumed to be
time-dependent and assumed to fail according to an exponential distribution in this
model, failures can be determined entirely by the duration of the mission that was
flown by taking advantage of the exponential distribution’s memoryless property. If
an aircraft has flown a mission of duration t and fails with a MTBF of µ, then the
probability that an aircraft has a part failure is shown in Equation (2).
PPartFailure(t) = 1− e−
t
µ (2)
Whenever a part failure occurs in an aircraft, it is sent to maintenance upon return
from its mission. An aircraft can also be sent to maintenance as a result of a major
event, depending on the type of major event that occurs. If an aircraft is determined
to have a part failure, the type of failure is determined by the weights corresponding
to each type of failure defined by the user. The weights of each type of failure for
an aircraft type can vary across bases, which may be beneficial if different types of
failures are more prominent in different operating environments.
Repair Capability
The repair capabilities of a base are determined by many factors including the
availability of spare parts and the availability of qualified maintenance personnel. The
rate that aircraft are repaired is dependent on the Mean Time to Repair (MTTR),
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which is unique for each type of aircraft at each base. There are two ways that the
MTTR values can be determined in upcoming versions of ENIGMA: the first case is
for the user to assign an MTTR directly, the second case is to have the MTTR be
a function of the quantity of different Air Force specialty codes present at the base.
Currently the method of determining the MTTR through a function of AFSC values
remains under development and is expected to be implemented in future versions
of ENIGMA. The version of ENIGMA discussed in this paper utilize user-specified
MTTR.
Spares
Spares are also an important aspect of the maintenance system. At the beginning
of the simulation, all spares assigned to each base are assumed to be available and
ready for use to repair an aircraft. Each base will have a unique set of spares that is
determined by the user. Additionally, each type of part will require the user to define
the number of days it takes to replace a spare of that specific part type. Each type
of failure is assumed to require a spare; however, ENIGMA is programmed so that
failures that do not require spares are still able to be modeled by setting the number
of days to replace a spare to zero.
When an aircraft has a part failure and is sent to maintenance, the type of failure
is identified, and if a spare is available, the aircraft is assigned the spare for repair.
Then the spare will be replaced in the number of days specified for another spare to
become available again. If there are no spares available when an aircraft arrives, a
spare of that part type will arrive in the number of days specified to replace that part.
Until a spare becomes available, the aircraft will not be able to be repaired. When
aircraft are added to maintenance, they are assigned spare parts in the order that
they arrive if the spares are available. If spares are not yet available when aircraft
arrive, the new arrivals will be given to the aircraft in the order that the aircraft
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arrived. This First-In First-Out approach is used to make sure that the aircraft that
enter maintenance first have priority in receiving spares.
Each type of aircraft at each base is assumed to have independent maintenance
system and resources, meaning the repair of one type of aircraft does not impact the
repair capability or process of another type of aircraft because each type of aircraft
requires different types of parts and maintenance personnel specializations. This
model assumes that parts from one type of aircraft cannot be used as substitutes
for missing parts in another type of aircraft. Aircraft are repaired in the order that
they are assigned a spare part. This First-In First-Out approach is used based on
the assumption that aircraft that have been waiting to be repaired and able to be
repaired the longest receive priority in maintenance.
Since the timing of missions and maintenance between time-steps are not modeled,
aircraft that are repaired in a given period will not be able to fly a mission until the
next period. Aircraft are repaired sequentially, such that the cumulative time to
repair each aircraft in a given period does not exceed 24 hours. The amount of time
that it takes maintenance to repair an aircraft is assumed to follow an exponential
distribution due to its memoryless property. The rate of repair for a given aircraft
is a function of its MTTR and the number of simultaneous repairs that can occur
for this aircraft type. The maximum number of aircraft that can be simultaneously
repaired is defined as the minimum between the number of broken aircraft and the
maximum number of repairs that maintenance can simultaneously handle, as shown
in Equation (3).
N = min(B,M) (3)
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Where:
N = Number of simultaneous repairs
B = Number of broken aircraft that are ready to be repaired
M = Maximum number of simultaneous repairs that maintenance can handle
This methodology is used to make sure that the rate of repairing aircraft reflects
both the number of aircraft that are ready to be repaired and the maintenance capa-
bility of simultaneous repairs. Currently, repair rates are not dependent on the type
of failure that has occurred. When aircraft are repaired simultaneously, the assump-
tion is made that the time to repair them are independent of one another and have
identical MTTR values. Since the repairs are occurring in parallel when there are
simultaneous repairs, the time to complete the repairs of a single aircraft is defined
as the minimum time of the set of times required to repair an individual aircraft. Let
Xi ∼ EXP (λ), where Xi are independent and identically distributed random vari-
ables representing the time it takes to repair individual aircraft, where λ represents
the rate of repair. Let Z1 represent the time that it takes to repair the first aircraft
that is repaired of the group of damaged aircraft being repaired in parallel. Then the
time it takes to repair an aircraft when there are N simultaneous repairs is shown in
Equation (4), where λ is the inverse of the MTTR as shown in Equation (5).





Thus, the amount of time required to repair an aircraft follows an exponential
distribution with a rate as a function of the number of aircraft that can be simulta-
neously repaired, the number of aircraft awaiting and able to be repaired, and the
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MTTR of the aircraft type, as shown in Equation (6). The process of repairing air-
craft is programmed sequentially in order to update the rate of repair as the number








Missions are a critical part of the simulation process because they are the primary
source of aircraft failures in this simulation. Missions are flown according to the
process shown in Figure 4. The first step of flying sorties is to assign missions to
aircraft. Missions are assigned to aircraft according to daily cumulative flying hours.
Missions are assigned to the aircraft with the least amount of cumulative flying hours
of the period that the missions occur. Once an aircraft is assigned a mission, it flies
the mission for the specified duration of time unique to that mission. An assumption
is that once an aircraft takes off for its mission, it successfully completes it. Once the
aircraft returns to base, probabilities of attrition and part failure are adjudicated as
previously discussed. A single aircraft can fly multiple missions in a single day, as
long as the aircraft returns to the same base from which it took off. If an aircraft
returns to a different base from where it started its mission, then the aircraft will not
be able to fly any more missions until the next day.
If an aircraft flies a mission that results in an aircraft flying longer than 24 hours
in a single period, then the aircraft will not return to the base until the duration
of the missions is completed. Thus, the method of choosing aircraft for missions is
an important assumption. Currently, aircraft with the fewest cumulative fly hours
that day are chosen first for missions in order to reduce the likelihood that the same
aircraft flies all of the missions in a single period.
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Figure 4: Flying Missions Process
The user must define all of the missions that will occur in the simulation by via
a missions table. The required information includes the base that the mission flies
from, the type of aircraft required for the mission, the duration of the mission, the
quantity of aircraft needed for the mission, and the base that the aircraft will return
to once the sortie is completed.
The way that the user inputs the quantity of aircraft required for a mission will
impact how the missions are assigned in the simulation. There are two ways that the
quantity of aircraft required for a mission can be inputted: as a single number defining
the number of aircraft required for this mission or as separate missions each requiring
a single aircraft. In either case, each mission is separated into single-aircraft missions.
For example, if a mission requires four aircraft, then the simulation will automatically
treat this as four separate single-aircraft missions. The difference in how the quantity
of missions are inputted will affect how the missions are assigned. In the first method,
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where the quantity of aircraft required is inputted as a number greater than one, an
aircraft assigned to the mission can only fly it once. For example, if a mission requires
five aircraft and there are only three aircraft available, then the simulation will state
that three of the mission were flown and two were not flown. In contrast, the second
input option, where missions are inputted as separate single-aircraft missions, allows
an aircraft to fly multiple of that type of mission. For example, if there are five
missions and there are only three available aircraft, three missions will be assigned
to the aircraft and then the remaining two missions will be assigned to the returning
aircraft, if the returning aircraft remain mission capable. Thus, all five missions can
be flown despite not having five mission capable aircraft when the second input option
is used.
These options can be extended into creating very flexible missions tables. For
example, if a user wants to fly five sorties in one period, they can implement this
in many ways: one mission requiring a certain number of aircraft, multiple missions
requiring fewer than the number of aircraft but that sum to the number of desired
missions, or many single-aircraft missions that sum to the total number of desired
missions. Although these options gives the user flexibility in scheduling the missions
of the simulation, it requires the user to properly understand the output based on
the method they chose to input the missions since the meaning will be slightly differ-
ent. The simulation tool includes an option to separate missions into single aircraft
missions automatically to allow the user to quickly separate missions, if desired.
3.3 Determining the Lower Bound of MTBF for Testing Scenarios
It may be beneficial to approximate the average aircraft availability based on the
inputs that are used for the simulation. This is especially true when validating the
behavior of the simulation because it may not be useful to validate the behavior of
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the simulation with inputs that drive the average aircraft availability to zero. The
modeling of the aircraft availability in this simulation can be thought of as a queuing
system with aircraft failures arriving at a specific arrival rate and aircraft being fixed
at a specific repair rate. Little’s Law states that the utilization of a server in a queuing
system, which is the average proportion of time that a server is busy in a queuing
system, is equal to the ratio of the arrival rate and the service rate of the system
when the inter-arrival times and service times both follow exponential distributions,






ρ = Utilization of a server
λ̇ = Arrival rate
µ̇ = Service rate
In order to maintain stability in a single server queuing system, meaning that the
queue length does not become infinitely long, the utilization of the server must be




Equation (8) shows that in order for a single server queuing system to remain
stable, the arrival rate must always be less than the service rate. Unfortunately, this
stability condition cannot be directly used to determine whether or not the average
aircraft availability of the simulated system will be stable because the maximum
number of aircraft that can fail in a given period is based on both the number of
missions and the aircraft availability of that period, which means that the arrival
rate is not constant throughout the simulation.
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In order to potentially obtain some insight into the stability of the aircraft avail-
ability in the system, some assumptions must be made about the simulation. The
first assumption is that multiple sorties for a single aircraft in a single period does
not occur, meaning an aircraft can only fly a single sortie each period. The second
assumption is that spare parts are not required to repair aircraft. The third assump-
tion is that only one aircraft can be repaired at a time. Let F be a random number
representing the number of failures that occur in a given period and R be a random
number representing the number of repairs that occur in a given period. In order to
potentially maintain a stable average aircraft availability, the expected value of the
number of failures in a period should not exceed the expected number of repairs in a





F = Number of failures that occur in a period
R = Number of repairs that occur in a period
This equation will be used to develop an inequality to determine the appropriate
input range for validating the behavior of the model such that the average aircraft
availability is not driven towards zero. In order to do this, it is assumed that all the
inputs are known except for a single input; in this case, the MTBF will be chosen as
the unknown variable. Missions for each day are assumed to be stationary, meaning
each period has the same mission requirements. The worst-case input combination
of the possible input ranges for the testing scenarios will be used when using this
inequality. The worst-case scenario is defined to be the model states such that the
average number of mission-capable aircraft should not decrease below a set threshold
with the minimum maintenance capabilities and the maximum aircraft usage.
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Determining E(F )
The first task that needs to be done to develop this inequality is to determine the
expected value of the number of failures that occur in a given period. Let N̂ , which
is shown in Equation (10), represent the number of mission capable aircraft that fly
sorties in a given period, let D represent the duration of each of those sorties, and let
µ represent the MTBF. Note that in the simulation each aircraft is independent of all
other aircraft and the probability that an aircraft has a part failure is independent of
all other aircraft. Since aircraft failures occur according to an exponential distribution
of rate 1
µ
, which will be represented by µ̂, the probability that an aircraft has a part
failure given that it flew for a specified duration, D, is shown in Equation (11).
N̂ = min(Number Of Available Aircraft,Number Of Daily Missions) (10)
p = P (Failure Occurs|D = Duration) = 1− e−Dµ̂ (11)
Since each aircraft fails independently, the number of failures that occur in a given
period follows a binomial distribution as shown in Equation (12) and the expected
value of the number of failures that occurs is shown in Equation (13).
F ∼ BIN(N̂ , p) (12)
E(F ) = N̂p = min(A,M)(1− e−Dµ̂) (13)
Where:
A = Number of mission capable aircraft
M = Number of daily missions
Determining E(R)
The number of aircraft that are repaired is dependent on many factors including
the number of aircraft that need to be repaired, the MTTR of an individual aircraft,
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the number of aircraft that can be simultaneously repaired, and the duration of time
that repairs can occur in the period. In order to determine the number of aircraft
that need repairs, the total number of aircraft must be known; let T represent the
total number of aircraft. Since the time it takes to repair a single aircraft follows an
exponential distribution of rate λ, the number of aircraft repaired in a given period
follows an Poisson distribution. Let R(ṫ) represent the number of repairs within time
t and Sk represent the time it takes for the k
th event to occur. Let {R(ṫ), ṫ ≥ 0} be
a POI(24λ), then the probability that the number of repairs in a specified time, ṫ, is
equal to k is shown in equation Equation (14).




However, since the maximum number of repairs that can occur in a single period
is defined by the number of aircraft that need repairs, T − A, the probability of
obtaining a certain number of repairs must be adjusted according to Equation (15)
and Equation (16).
Prob(R(ṫ) = k) = (e−λt)
((λ)ṫ)k
k!
∀k = 1, 2, ..., (T − A− 1) (15)







The expected value of a random variable, X, where the random variable has a





From Equation (17), the expected value for the number of repairs can be deter-





[(k)Prob(R(ṫ) = k)] + (T − A)Prob(S(T−A) ≤ ṫ) (18)
Substituting Equation (13) and Equation (18) into Equation (8), the lower bound-
ary of the MTBF can be solved for a particular set of inputs and is shown in Equations
19 to 23. For simplicity, the expression of E(R) from Equation (18) will not be sub-























Equation (23) is true such that min(A,M) > 0, T − A > 0, and min(A,M) >
E(R). If the condition min(A,M) > E(R) is not satisfied, then there is no MTBF
that will be able to maintain the desired level of average aircraft availability. This
inequality is used to determine the lower range value for the MTBF input when
developing the experiment for validating the behavior of the simulation. Further
functionality of this inequality is shown in the Results and Analysis section.
3.4 ENIGMA Application Description and User Guide
The purpose of this section is to provide a description and a user guide for the




The layout of the ENIGMA application is designed to be organized and easy to
follow. There are three tabs that present three different dashboards to the user: the
Input Settings tab, the Dashboard Plot tab, and the Dashboard Data tab. The Input
Settings tab is separated into three clearly labeled panels that are used to prepare and
run a simulation. The Dashboard Plot and the Dashboard Data tabs are both used
to present the output data in the form of plots and data tables respectively. Some of
the features of ENIGMA are not yet enabled to the user because they remain under
development.
3.4.2 Preparing the Simulation
The first step to running a simulation in ENIGMA is to properly prepare the
input data. There are certain requirements and proper labeling that must be used
in order for ENIGMA to properly prepare the data for the simulation. These data
requirements will be discussed further in this section.
3.4.2.1 Loading Files
There are five separate data tables that must be prepared to run a simulation in
ENIGMA: a missions table, an aircraft table, a major events table, and two main-
tenance tables. These tables can either be prepared by uploading files or by using
the application to create tables. This section will discuss how to upload files. For
developing tables in the application, see page 35 for subsection Viewing/Editing Input
Data.
Uploading Files Process
ENIGMA is able to upload delimited files and spreadsheet files with file extensions
[*.txt, *.dat, *.csv] and [*.xls, *.xlsb, *.xlsm, *.xlsx, *.xltm, *.xlt, *.ods] respectively.
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To upload a file, select the Load Files dropdown menu on the top left of the application
as shown in Figure 5. Next, select the type of file that needs to be uploaded, as shown
in Figure 6, and select the file of choice to upload as shown in Figure 7. When a file
is successfully uploaded, a check mark will appear next to the selected file. Please
note that when a file is uploaded into ENIGMA, two data tables are created: one
is to maintain the original input data and the second is to be used as the table to
generate the input data for the simulation.
Figure 5: Open the Load Files Dropdown Menu
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Figure 6: Choose Which Type of File to Upload
Figure 7: Upload Selected File
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Clearing Uploaded Files
Uploaded files can also be erased from the application. All of the uploaded files
can be cleared simultaneously using the Clear All Files button or a specific file can
be erased by clearing a specific file, as shown in Figure 8 and Figure 9, respectively.
Please note that the original file will be cleared, but the table that is used for gener-
ating the input data for the simulation will not be erased. The table that is used to
generate the input data for the simulation can be cleared by uploading another file
or by pressing the Reset Input Data button after the original input file is cleared, as
explained in subsection Viewing/Editing Input Data on page 35.
Figure 8: Clear All Uploaded Files
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Figure 9: Clear Specific File
3.4.3 Viewing Original Input Data
Pressing the View Original Input Data button in the top left corner of the appli-
cation and by selecting the specified file, as shown in Figure 10, displays the uploaded
file. The uploaded data will appear in a new window as shown in Figure 11. If there
is no file uploaded, the window will be blank. To exit the window, simply close the
window using the close button on the top right corner of the window.
3.4.4 Viewing/Editing Input Data
ENIGMA allows the user to easily edit the data tables that will be used to prepare
the input data for the simulation. The View/Edit Input Data panel in the Input
Settings tab of the application allows the user to edit the data tables. Editing a table
only edits the table that will be used to create the data for the simulation and will
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Figure 10: Select the Uploaded File to View
Figure 11: Example of Viewing Uploaded File
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not affect any uploaded files. This panel can also create new data tables if the user
does not have any files to upload, which will be described later in this section.
To begin editing a data table, select the type of data table using the Select Input
Data drop down menu as shown in Figure 12. Once the type of data is selected, any
data that is already assigned to this table will appear as an editable table. Click on
the cells of the table and edit the information as shown in Figure 13. Click the Save
Edits button, as shown in Figure 14, to save any edits made to the table.
If the window remains blank when the input data is selected, then there is no data
currently assigned to this data table. Rows can be added and removed by clicking on
the Add Row and Remove Row buttons respectively.
Figure 12: Select Input Data for Edit Table
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Figure 13: Edit Directly Into the Data Table
Figure 14: Save Edits
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Removing/Adding Rows
Rows can be removed from the data table one at a time by inputting the row
number in the text box under Select Row and then clicking the Remove Row button.
If the specified row is in the table, it will then be removed. To add a row to the
data table, simply click on the Add Row button as shown in Figure 15. A row can
be added to any table including a blank table, a table with only column names,
and a table already contains data. Each case will cause the the Add Row button to
function differently. If the data table selected is blank, then the Add Row button will
automatically generate appropriate column names and add a row with the appropriate
data types corresponding to the column names as shown in Figure 16. If the data
table already has headers, but it does not have any rows, then a window will appear
prompting the user to input the appropriate data types as shown in Figure 17. If the
data table already is already filled with data, then the Add Row button will add a
blank row to the bottom of the table with the data types corresponding to the first
row of data in the table.
Figure 15: Add New Rows
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Figure 16: Result of Adding Row to Blank Data Table
Figure 17: Adding Row to Data Table with Only Column Names Popup Window
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Editing Column Names
The column names of a data table can also be changed by specifying the columns
whose names need to be edited. The columns are specified via the Select Column(s)
text box. The possible inputs that can be used in this text box are shown in Table 2.
Once the column(s) are specified, click on the Edit Column Names button. This will
open up a window for the user to input the new names of the selected columns. If the
user does not enter a new name for a column, that column name will become empty.
Table 2: Possible Select Column(s) Inputs
Possible Input Description Example
All Selects All Columns All
Comma Separated Select Multiple Columns 2, 3, 7
Single Number Select a Single Column 3
Additional Editing Features
The user is also able to clear all of the edits performed on a data table by pressing
the Reset Input Data button. This button resets the data table to be the same data
as the uploaded file of the same type. If there is no uploaded file of the selected input
data, then the data table is erased. This button has no effect on the original uploaded
file.
The Separate Missions button is only applicable to the missions data table. This
button will separate all of the mission inputs that require multiple aircraft into sep-
arate missions requiring only a single aircraft. As explained in Section 3.2.4, this
is slightly different from the automatic separation that occurs during the simulation
because if the missions are inputted as separate missions prior to beginning the sim-
ulation, then the same aircraft can be used to fly several of missions. In contrast, if
there is a shortage of mission capable aircraft for a mission requiring several aircraft
that has not been separated prior to running the simulation, then the simulation will
indicate that some of the missions were not completed regardless of the number of
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aircraft that return and remain mission capable. An example of using this button to
separate missions is shown in Figure 18 and Figure 19.
Figure 18: Missions Requiring Multiple Aircraft (Prior to Separation)
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Figure 19: Result of Separating Missions (Result of Separation)
ENIGMA allows the user to be flexible with the names and labels of some inputs
such as the names of bases, aircraft, and failure types; however, invalid names that will
result in errors with the simulation. For example, names including special characters,
spaces, or names beginning with numbers are invalid names. Figure 20 provides
an example of a data table with invalid names. Instead of manually fixing each of
the invalid names in the data table, the Make Valid Names button will automatically
change invalid names into valid ones in the selected columns. The columns are selected
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based on the Select Column(s) input and the same possible inputs used for selecting
columns for editing column names is used for making valid names. The Make Valid
Names button will automatically determine the data type of each column; thus it
is recommended to use the input All as the columns to select for this feature. The
result of the example of applying this feature to the invalid names in Figure 20 is
shown in Figure 21.
Figure 20: Example of Invalid names
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Figure 21: Making Invalid Names Valid Example
3.4.5 Input Data Requirements
In order to run a simulation on this version of ENIGMA, five data tables must
be prepared. These tables can either be uploaded to the application or created in
the application. The five data tables include a missions data table, an aircraft states
data table, a major events data table, and two maintenance data tables. The missions
data table and the major events data table may be empty if there are no missions
or major events in the simulation as long as the appropriate column headers are still
properly labeled; however, the aircraft states data table and the maintenance data
tables must contain information about all bases and aircraft in order to properly run
the simulation. The column names that must be used as the headers of each of these
tables are defined in each of the following sections. Additional requirements for these
data tables will be discussed further.
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Aircraft States Data Table
The aircraft states data table is a table that defines the initial state of each
individual aircraft in the simulation. Each individual aircraft must be entered into
this file in order for it to be in the simulation. The column headers and their respective
data they represent are defined in Table 3. Note that for data that is of logical data
type in files that will be uploaded, the user must input true or false for the data in
order for the program to properly identify it as a logical value.
Table 3: Aircraft States Data Table Headers
Column Header Name Description Type
BASE








Indicates whether or not an
aircraft is of mission-capable status
Logical
ExceedDayLimit
Indicates if an aircraft has flown
longer than the day limit.
Recommendation: Set to False
Logical
FlightTimeRemaining
The amount of flight time remaining
if an aircraft is still flying and has not
returned to base.
Recommendation: Set to 0
Number
TSLF
Time flown since the aircraft’s last failure.
Recommendation: Set to 0
Number
MissionHold
Indicates if an aircraft is of mission-capable
status, but unable to fly sorties this period.
Recommendation: Set to False
Logical
DaysInFailure
Identifies the number of days an
aircraft has been in failure if its
AVAILABLE status is set to False.
Recommendation: Set to 0
Number
Attrition
Identifies if an aircraft is no longer usable.
Warning: Do NOT set as True. If set as true,
set BASE as ’N/A’.




There are two separate data tables that define the maintenance system in the
simulation: the spares data table and the repair/failure rates data table. The spares
data table defines the number of spares of each type of failure at each base for each
type of aircraft in the simulation. The repair/failure rates data table defines the
failure and repair rates at each base for each type of aircraft in the simulation. These
tables must contain the repair and failure information of each type of aircraft at
each base in order to function properly. For example, if there are 5 aircraft of Type
1 located at Base 1 and 3 aircraft of Type 2 located at Base 2, then both of the
files must contain the maintenance information for both aircraft at each base. The
information about the spares and the repair/failure rates of both aircraft types, Type
1 and Type 2, must be defined at both bases, Base 1 and Base 2; otherwise, aircraft
will not be able to fly between bases. The column headers requirements for these
files are shown in Table 4 and Table 5 for the spares data table and the repair/failure
rates data table respectively.
Table 4: Spares Data Table Headers
Column Header Name Description Type
BASE The base that the spare type is located. String
MDS
The type of aircraft that the spare is used for.
Mission Design Series of the aircraft the
spare is used for.
String
SpareType The Failure Type that the Spare is used for. String
NumberOfSpares
The quantity of stored spares of the specified




The number of days (Periods) required to replace
a used spare with a new spare.
Number
SpareFailureWeight
The weight that determines the proportion
of failures that will be of this SpareType
when a part failure occurs for an aircraft
of this MDS at this BASE.
Number
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Table 5: Repair/Failure Rates Data Table Headers
Column Header Name Description Type
BASE








The maximum number of simultaneous
repairs that can occur for this
MDS at this BASE
Number
MTBF
Mean Time Before Failure for this MDS
at this BASE.
Input must be greater than 0 hours.
Number
MTTR
Mean Time to Repair for this MDS
at this BASE of a single aircraft.
Input must be greater than 0 hours.
Number
Missions Data Table
The missions data table defines the quantity and duration of sorties throughout the
simulation. The table provides some flexibility that allows aircraft to fly to different
bases if the necessary information is included in the simulation. The column headers
and the respective data that they represent are shown in Table 6.
Table 6: Missions Data Table Headers
Column Header Name Description Type
DAY
The day in the run sequence
that this mission occurs.
Number
BASE
The base that the aircraft(s) flying
this mission will fly from.
String
ReturnBase
The base that the aircraft(s) flying
this mission will return to.
String
MDS




The quantity of aircraft that this
mission will be assigned.
Number
DURATION The duration of this mission in hours. Number
AttritionRate
The probability that an aircraft will no
longer be usable after this mission
due to attrition.
Range of this input: [0, 1]
Number
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Major Events Data Table
The major events data table is used to define any major events that may occur.
The user can choose from predefined major events and utilize them at specific points
throughout the simulation. Major events can only occur if they are identified correctly.
If the major events are not identified properly, they will not occur in the simulation.
The column headers and required data types for this data table are shown in Table 7.
A full list and description of the currently available major events are shown in Table 44
of Appendix A. A list of the identifications of the available events are shown in
Table 8. These major events are important because they give the user the ability
to incorporate unexpected changes to operating conditions into the simulation. For
example, some major events available can replicate the effect of a base being attacked
by an adversary; another example of a major event is a logistical cutoff which prevents
a base from accessing parts needed to make repairs on damaged aircraft. Aircraft that
are still on missions from a previous period and have not returned before the major
events are implemented will not be affected by the major events if the major events
directly impact aircraft at the specified base.
Table 7: Major Events Data Table Headers
Column Header Name Description Type
Day The day (Period) that the event occurs. Number
BASE The base that the event occurs at. String
MDS




The event identification string
that is used to identify the event type.
String
EventData
Additional information needed for
the event type. This is inputted as a
string with the written between curly
brackets. If multiple inputs are required,
the inputs are separated by commas.
Example - No Inputs: {}
Example - One Input: {input}
Example - Multiple Inputs: {input1,input2,...}
String
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3.4.6 Running the Simulation
Pressing the Run button starts the simulation. When the simulation is run-
ning, progress information will display. Once the simulation has been completed, the
progress information will disappear.
3.4.6.1 Simulation Settings
The simulation settings are adjusted in the Simulation Settings panel in the Input
Settings tab of the application. These settings are required to define how the sim-
ulation should run. The user inputs the number of days in the simulation and the
number of replications that the simulation will run in the Number of Days input space
and the Number of Replications input space, respectively, as shown in Figure 22.
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Figure 22: Input Number of Days and Number of Replications
The Single or Step-wise option is an important option for the user to select because
it will determine how the simulation tool can be used. When Single is selected,
the simulation will clear all output data of previous simulation runs every time the
simulation is run. When Step-wise is selected, as shown in Figure 23, each run
will be appended to previous runs. If the step-wise method is chosen, the user will
only be able to adjust the missions data table, the major events data table, and the
number of days between each sequential step-wise run. In order to restart a step-
wise simulation sequence, press the Reset Stepwise button. This will clear all saved
step-wise simulation information from previous runs.
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Figure 23: Selecting Step-wise
An example of running a simulation using the step-wise setting is shown in Fig-
ure 24 and Figure 25. Each sequence is run with the same missions data table and
the same major events data table; however, the first sequence is run for 5 days and
the second sequence is run for 7 days. These plots demonstrate how the step-wise
setting allows users to make decisions throughout time by editing the missions data
table and the major events data table between runs.
Major Events Settings
There are two more buttons in the Simulation Settings panel: the Include Parts
Requiring Zero Days to Replace in Cutoff button and the Allow Dismantled Parts
To Be Used Same Period Obtained button. These settings are specific to certain
major events that the user can utilize in their simulation. Currently, the Allow
Dismantled Parts To Be Used Same Period Obtained button is not enabled for this
version of ENIGMA because the major event that it would be used for remains under
development for future versions of ENIGMA.
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Figure 24: Example - Step-wise First Iteration (First[5 Days])
Figure 25: Example - Step-wise Second Iteration (First[5 Days] + Second[7 Days])
53
3.4.7 Post-Simulation Run Controls
Once a simulation run has been completed, the user is able to view and save the
output information from the simulation as plots and as data tables. The Dashboard
Plot and the Dashboard Data are the two tabs that the user can use to view and
save output data. Both of these tabs are designed in the same way, except that the
Dashboard Plot tab will plot the data and the Dashboard Data tab will display the
data in a table. The user can specify the specific output information that they wish
to view and to export as shown in Figure 26, which shows the Dashboard Data table
output. In order to export the data, press the export button and save the file in the
desired format as shown in Figure 27 and Figure 28.
Figure 26: Example Displaying Output
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Figure 27: Exporting Output As a File
Figure 28: Exporting File
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IV. Results and Analysis
4.1 Preamble
As with all simulations, it is important to validate the simulation to ensure that
the simulation will provide results that can provide meaningful insights into the real
world situations being investigated. If simulation tools are not validated, then users
will not know how reliable the simulation tools are in representing the system being
modeled. The purpose of this chapter is to explain the methodology and the results
of testing ENIGMA to make sure that the simulation functions as expected.
Checking the Code
There are two steps that should be done when checking that a simulation tool
works properly: verification and validation. Verification is the process of ensuring
that the model design and the software code are implemented and work as they were
designed to function. Validation is the process of making sure the model properly
reflects the reality of the system that it is modeling. The simulation tool was verified
to function properly by following the execution of each line of code used to build the
simulation tool for a variety of different scenarios that would challenge the capability
of the tool. The verification process of the tool showed that the logic of the code
functioned as expected and that the model design was implemented properly. Since
the simulation tool uses an abstract environment and since the model was not based
on any specific system, the model was validated by checking whether or not the inputs
would affect the outputs in the intuitive manner.
4.2 Model Checking
Although each line of code of ENIGMA was checked for the appropriate logic, it
remained important to validate the behavior of the simulation. Unfortunately, since
56
ENIGMA is designed to be a tool without any fixed inputs, it would be infeasible to
test every possible combination of inputs that a user could input into the simulation.
According to Barton, linear regression meta-models can be used to provide insights
into the behavior of a simulation model by providing the relationships between the
inputs and the outputs of the simulation[19]. A meta-model is a model of another
model. The meta-model will be chosen to provide insight into the behavior of this
simulation will be a linear regression model relating the simulation inputs and outputs.
There are five assumptions that must be satisfied in order for the resulting lin-
ear regression model to be appropriate. The first assumption is homoscedasticity,
which means that there is constant variance throughout the model. The second as-
sumption is that the residuals are normally distributed with a mean of zero. The
third assumption is that there is a linear relationship between the regressors and
the response variable. The fourth assumption is that there is no multicollinearity
amongst the regressors. The fifth assumption is that there is no autocorrelation in
the model. If these five assumptions are satisfied, then the linear regression model
that is developed appropriately represents the relationship between the regressors and
the response variable.
In order to develop a linear regression model on the inputs and outputs of the
simulation, an experiment must be run on the simulation by varying input combina-
tions to obtain a response surface. Since it would be infeasible to test every possible
combination of inputs for ENIGMA, an efficient design of experiments must be uti-
lized. Sanchez and Wan state that latin hypercube designs are useful for testing
complicated simulations when knowledge about the response surface is limited be-
cause they can provide an efficient space-filling design with far fewer sample tests
than the computationally expensive space-filling factorial designs[20]. Space-filling
designs are important to use for testing simulations because they can provide insight
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into the whole region of the response surface. It is also desirable to have an orthogonal
design; orthogonal designs ensure that any two input variables to the simulation will
be uncorrelated, resulting in uncorrelated regression coefficient estimates of regres-
sion models[21]. Cioppa and Lucas developed a method for generating space-filling
nearly-orthogonal latin hypercube designs for making experiments for testing simula-
tions with fewer than 30 input factors, or variables (NumberOfV ariables ≤ 29)[21].
Sanchez then used this methodology of generating space-filling nearly-orthogonal latin
hypercubes to create a tool to make the experiments for testing simulations; this tool
is available at http://harvest.nps.edu/ [22]. This tool was utilized to generate the
experiment for validating that simulation of ENIGMA behaves as expected.
Since the only requirement for many of the input ranges of the ENIGMA inputs
is to be non-negative, the experimental ranges that were used for the experimental
design tool had to be narrowed down so that the test ranges were not too large; thus,
the input ranges of the experiment were chosen to reflect a general fighter squadron.
The minimum and the maximum of each range were determined through discussion
with United States Air Force pilots and maintenance personnel who have flown and
have worked on fighter aircraft. At the end of Section 4.2.2, Table 23 shows the ranges
of the inputs that were used to develop the experimental design. The experimental
design is shown in Table 45 of Appendix A. The two outputs of interests from the
experiment were the average proportion of aircraft that are mission capable and the
average proportion of missions flown. Each test of the experiment was replicated 100
times and each replication was run for 100 periods (days) to mitigate the effects of
the warm-up period in each simulation run. JMP Pro 15.0.0 was used to generate
the regression models from the outputs of the experimental design.
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4.2.1 Model Validation Through a Main-Effects Metamodel
The purpose of modeling the experimental results using only the input variables
with no interaction as the regressors is to observe the main effects of the regressors on
the response variables, which in this case are the average proportion of aircraft that
are mission capable and the average proportion of missions flown. The main-effects
model is shown in Equation (24).
Y = β0 +
n∑
i=1
βiXi + ε (24)
Where βi is the regression coefficient for the regressor Xi, which is the ith input
factor; Y is the response variable; n is the number of input factors; and ε represents
random error with a mean of zero. The regression coefficients that are included in
the model are determined through the forward step-wise method in JMP Pro 15.0.0.
Main effects models of the average proportion of aircraft that are mission capable
and the average proportion of missions completed are shown in the next sections.
There are five assumptions required to use linear regression analysis: there is a linear
relationship between the regressors and response variable, the residuals are normally
distributed with a mean of zero, the residuals have constant variance throughout
the model, there is no multicollinearity, and there is no autocorrelation. If these
assumptions are violated, the model may not perfectly reflect the true relationship
between the regressors and response variable.
Average Proportion of Aircraft that are Mission Capable
All of the input factors were deemed to be significant in the main-effects meta-
model for the average proportion of aircraft that were mission capable. Table 9 shows
the parameter estimates for each of the input factors. The adjusted-R2 for this model
is approximately 0.85 as shown in Table 10. The variance inflation factor (VIF) scores
indicate that there is essentially no multicollinearity between the regressors. Each of
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the parameter estimates support the idea that each regressor impacts the average pro-
portion of aircraft that are mission capable. Table 11 shows the regressors that have
the most impact on the average proportion of aircraft that are mission capable are the
input factors that determine aircraft usage. The second most influential regressors are
the factors that influence the repair capability of the maintenance system. Overall,
factors accounting for levels of use, failure, and ability to repair significantly influence
the average proportion of aircraft that are mission capable as expected. Additionally,
the coefficients possess the expected positive or negative contribution validating the
model. Unfortunately, Figure 29 shows that the assumption of constant variance is
not satisfied for this model. Figure 30 also appears to show that the assumption of
normally distributed residuals is violated. Table 12 also shows that it appears there
is significant autocorrelation in the model. These apparent violations to a few of
the linear regression assumptions may indicate that only using the main effects does
not appropriately represent the relationship between the regressors and the average
proportion of aircraft that are mission capable.
Table 9: Parameter Estimates Main-Effects Metamodel (Average Proportion of Air-
craft that are Mission Capable)
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Table 10: Summary of Fit Main-Effects Metamodel (Average Proportion of Aircraft
that are Mission Capable)
Table 11: Effects Summary Main-Effects Metamodel (Average Proportion of Aircraft
that are Mission Capable)
Figure 29: Residuals by Predicted: Average Proportion of Aircraft that are Mission
Capable (Main Effects Model)
Table 12: Durbin-Watson Statistic of Average Proportion of Aircraft that are Mission
Capable (Main Effects Model)
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Figure 30: Distribution of Residuals: Average Proportion of Aircraft that are Mission
Capable (Main Effects Model)
Average Proportion of Missions Completed
The main-effects metamodel for the average proportion of missions that are flown
does not include all input factors because some of the input factors were not deter-
mined to be statistically significant when performing step-wise regression. The time
it takes to resupply an engine was determined not to be significant in the model.
Table 13 provides the parameter estimates of the regressors that were included in
the model. Table 14 shows that the adjusted-R2 was relatively low with a value of
approximately 0.706. The VIF scores indicate that there was essentially no multi-
collinearity amongst the regressors in this model. All the parameter estimates for
this model intuitively made sense and supported the idea that the simulation behaves
properly. Table 15 also shows the input factors that influence the rate of aircraft part
failures have the most impact on the average proportion of missions that are flown.
Overall, the factors that impacted use, failures, and repairs of aircraft significantly
influenced the average number of missions accomplished as expected. Each of the
regression coefficients has the expected positive or negative contribution validating
the model. Unfortunately, Figure 31 shows that the assumption of constant vari-
ance is not satisfied. Figure 32 shows that the distribution of residuals appears to
violate the assumption of normally distributed residuals. Table 16 also shows that
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autocorrelation appears to be significant in the model. These violationts to the linear
regression assumptions may indicate that the main effects model does not appropri-
ately represent the relationship between the regressors and the average proportion of
missions accomplished. One difference between this main-effects model focus on the
average number of missions flown and the main-effects model focused on the average
proportion of aircraft that are mission capable is that the number of aircraft in the
squadron has a larger effect on the proportion of missions that are flown than on the
average proportion of aircraft that are mission capable.
Table 13: Parameter Estimates Main-Effects Metamodel (Average Proportion of Mis-
sions Flown)
Table 14: Summary of Fit Main-Effects Metamodel (Average Proportion of Missions
Flown)
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Table 15: Effects Summary Main-Effects Metamodel (Average Proportion of Missions
Flown)
Figure 31: Residuals by Predicted: Average Proportion of Aircraft that are Mission
Capable (Main Effects Model)
Figure 32: Distribution of Residuals: Average Proportion of Missions Accomplished
(Main Effects Model)
Table 16: Durbin-Watson Statistic of Average Proportion of Missions Accomplished
(Main Effects Model)
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4.2.2 Model Validation Through a Response-Surface Metamodel
It is also important to explore the model for interaction terms between the input
factors. The purpose of this is to obtain a model that may be more reflective of the
relationship between the regressors and the response variable. This response surface
model is shown in Equation (25).








βi,jXiXj + ε (25)
These meta-models were developed in the same way as the main-effects meta-
model.
Average Proportion of Aircraft that are Mission Capable
The metamodel including interaction terms as regressors produced had a very
high adjusted-R2 value of approximately 0.975, as shown in Table 18. Although the
adjusted-R2 value is very high, indicating that most of the variance is accounted for by
the metamodel, the variance inflation factor values indicate that there is very strong
multicollinearity present amongst the regressors, as shown in Table 17. Additionally,
one will note that some coefficient estimate signs have changed from the main effects
model. As a result, the values of the parameter estimates are strongly influenced
by the other parameters in the metamodel. Despite this, the model is shown to be
well-behaved and Figure 33 shows the residuals of the model follow a well-behaved
symmetric distribution. Additionally, Figure 34 shows that the variance remains
relatively constant for all predictions of the average proportion of missions flown,
which is a necessary assumption for linear regression models. Table 19 shows the
Durbin-Watson statistic for this model is approximately 1.98, which indicates that
the there is essentially no autocorrelation since a Dubin-Watson statistic of 2 indicates
that there is no autocorrelation for this model.
65
Table 17: Parameter Estimates Response Surface (Average Proportion of Aircraft
that are Mission Capable)
Table 18: Summary of Fit Response Surface (Average Proportion of Aircraft that are
Mission Capable)
Table 19: Durbin-Watson Statistic of Average Proportion of Aircraft that are Mission
Capable (Response Surface)
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Figure 33: Residuals Response Surface(Average Proportion of Aircraft that are Mis-
sion Capable)
Figure 34: Residuals by Predicted: Average Proportion of Aircraft that are Mission
Capable
Average Proportion of Missions Completed
Table 21 shows that the adjusted-R2 for this model is approximately 0.987, in-
dicating that a majority of the variance is explained by the interaction model. As
with the other interaction model describing the average proportion of aircraft that
are mission capable, Table 20 shows that the variance inflation factors are extremely
high, indicating that there is strong multicollinearity present in the model. Thus,
the parameter estimates are strongly influenced by the other terms in the model.
The variance of the residuals from the predictions remain relatively constant for the
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whole model as shown in Figure 36. Table 22 shows the Durbin-Watson statistic
for this model is approximately 1.92, which indicates that the there is essentially no
autocorrelation since a Dubin-Watson statistic of 2 indicates that there is no autocor-
relation for this model. Although Figure 35 shows that the residuals for this model
are symmetric, there is a steep isolated peak in the center of the distribution. This is
probably a result of the fact that a majority of the tests were able to complete each
of its missions, as shown in Figure 37. The distribution in Figure 37 may be a result
of basing the input ranges on discussions from the Air Force personnel since the Air
Force probably operates in a way that allows it to complete its missions and since the
MTBF was generally dominated by the MTTR in most cases.
The response surfaces created describing the relationship between the input vari-
ables and the outputs of the simulation helped to validate that the model is well-
behaved and functions as expected. The main effects models helped show that the
variables affected the outputs of the simulation as expected. The interaction models
showed that the simulation tool is well-behaved. Overall, the meta models were useful
for validation of the simulation, but is not useful for real-world application since the
air tasking order varies aircraft use by day in the real-world.
Figure 35: Residuals Response Surface (Average Proportion of Missions Flown)
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Table 20: Parameter Estimates Response Surface(Average Proportion of Missions
Flown)
Table 21: Summary of Fit Response Surface (Average Proportion of Missions Flown)
Table 22: Durbin-Watson Statistic of Average Proportion of Missions Accomplished
(Response Surface)
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Figure 36: Residuals by Predicted: Average Proportion of Missions Flown (Response
Surface)




























































































































































































































































































































































































































































































































































4.3 Checking the Signs of the Main-Effect Models’ Parameter Estimates
The purpose of this section is to check if the signs of the parameter estimates of
the main-effects models provide the correct insight into scenarios even though the
main-effects models appear to violate some linear regression assumptions. This will
be done by exploring a variety of scenarios and compare them to a common baseline
scenario. This baseline scenario is defined in Table 24.
Table 24: Baseline Scenario for Checking Main-Effects Parameter Estimates
The scenarios that will be investigated will look into the effect of changing a single
input on the outputs of the average proportion of aircraft that are mission capable
and the average proportion of missions that are accomplished; these scenarios are
described in Table 25.
Each of the scenarios and the baseline scenario will be run for 50 days with 20
replications. The plots of the output data will show the average of the replications
and the 95% confidence intervals. In order to compare the scenarios to the baseline,
the averages of both the scenarios and the baseline will be displayed in the same plot.
Additionally, each scenario will be added to the plot without removing the previous
scenarios to show how the scenarios compared to one another. The outputs of the
baseline scenario for the investigation are shown in Figure 38 and Figure 39 for the
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Table 25: Scenarios to Compare to Baseline
average proportion of aircraft that are mission capable and the average proportion
of missions accomplished respectively. The overall average of the outputs of each of
the scenarios are calculated to be used as a reference to compare against the outputs
of the scenarios. The overall average of the average proportion of aircraft that are
mission capable is approximately 0.803 and the overall average proportion of missions
accomplished is 1.000. This reflects that all of the missions are accomplished in the
baseline scenario.
Figure 38: Average Proportion of Aircraft That are Mission Capable: Baseline Sce-
nario
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Figure 39: Average Proportion of Missions Accomplished: Baseline Scenario
The first scenario investigates the effect of changing the quantity of daily missions.
On day 10 of the simulation, the number of daily missions is increased from 35 missions
to 65 missions; on day 25, the number of daily missions is decreased from 65 missions
to 50 missions; and on day 35, the number of daily missions decreases from 50 back
to 35 missions. The average proportion of aircraft that are mission capable for this
scenario is shown in red in Figure 40. The overall average for the average proportion
of aircraft that are mission capable for this scenario investigating the quantity of
missions is approximately 0.697; this shows that the average proportion of aircraft
that are mission capable decreases with an increase in the quantity of missions. This
change matches the sign of the parameter estimate of the main effects model for
the input of the quantity of daily missions since the parameter estimate is negative.
Similarly, the overall average of the average proportion of missions accomplished is
approximately 0.973, which is less than the baseline average; this change is consistent
with the sign of the parameter estimate for this input. The effect of increasing the
quantity of daily missions on the average proportion of missions accomplished is shown
in red in Figure 41.
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Figure 40: Scenario 1 - Quantity of Missions: Average Proportion of Aircraft that
are Mission Capable
Figure 41: Scenario 1 - Quantity of Missions: Average Proportion of Missions Ac-
complished
The second scenario investigates the effect of increasing the attrition rate of each
mission from 0.001 to 0.01. The average proportion of aircraft that are mission capable
of this scenario is shown in pink in Figure 42; the overall average is approximately
0.505. This shows that as the attrition rate increases, the average proportion of
aircraft that are mission capable decreases. This change is consistent with the sign
of the parameter estimate of attrition rate of the main-effects model for the average
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proportion of aircraft that are mission capable. The average proportion of missions
accomplished of this scenario is shown in pink in Figure 43; the overall average for the
average proportion of missions accomplished is 0.920. This reduction in the average
proportion of missions accomplished as a result of an increase in the attrition rate is
consistent with the sign of the parameter estimate of the input of attrition rate in the
main-effects model for the average proportion of missions accomplished.
Figure 42: Scenario 2 - Attrition Rate: Average Proportion of Aircraft that are
Mission Capable
Figure 43: Scenario 2 - Attrition Rate: Average Proportion of Missions Accomplished
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The third scenario investigates the effect of increasing the quantity of aircraft that
are at the base. On day 10 of the simulation, 10 aircraft are flown to the base to
increase the number of aircraft that are able to fly missions. This scenario is shown
in purple in Figure 44 and Figure 45 for the average proportion of aircraft that are
mission capable and the average proportion of missions accomplished respectively.
The overall average for the average proportion of aircraft that are mission capable for
this scenario is approximately 0.849 and the overall average for the average proportion
of missions accomplished is 1.000.
Figure 44: Scenario 3 - Reinforcements: Average Proportion of Aircraft that are
Mission Capable
The increase in the average of the average proportion of aircraft that are mission
capable is consistent with the sign of the parameter estimate of the input of aircraft
per wing; however, there is no change in the overall average proportion of missions
accomplished. The reason there was no increase in the average proportion of missions
accomplished is because the quantity of aircraft in the baseline scenario was able to
accomplish all of the scheduled missions; any additional aircraft added to the base
would not increase the number of missions accomplished in this scenario because all of
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the missions are already being accomplished. Thus, although there was no change in
the overall average proportion of missions accomplished, the signs of the input factor
for the aircraft per wing are consistent with the outputs obtained in this scenario.
Figure 45: Scenario 3 - Reinforcements: Average Proportion of Missions Accom-
plished
The fourth scenario investigates the effect of reducing the repair rate. This is done
by increasing the MTTR from 3 hours to 10 hours on day 10. The effect of this scenario
is shown in blue in Figure 46 and Figure 47 for the average proportion of aircraft that
are mission capable and the average proportion of missions accomplished respectively.
The overall average proportion of aircraft that are mission capable is approximately
0.509 and the overage average proportion of missions accomplished is approximately
0.884. Both of these averages are smaller than the baseline averages; this shows that
increasing the MTTR has a negative impact on the average proportion of aircraft
that are mission capable and the averate proportion of missions accomplished. These
differences are consistent with the signs of the parameter estimates of MTTR for the
main-effects models for the average proportion of aircraft that are mission capable
and the average proportion of missions accomplished.
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Figure 46: Scenario 4 - Repair Rate: Average Proportion of Aircraft that are Mission
Capable
Figure 47: Scenario 4 - Reinforcements: Average Proportion of Missions Accom-
plished
The fifth scenario investigates the effect of increasing the failure rate of aircraft.
The failure rate is increased by decreasing the MTBF from 45 hours to 25 hours on
day 10. The effect of changing the MTBF is shown as the light blue in Figure 48
and Figure 49 for the average proportion of aircraft that are mission capable and
the average proportion of missions accomplished respectively. The overall average
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proportion of aircraft that are mission capable is approximately 0.610 and the overall
average proportion of missions accomplished is approximately 0.982. Since both of
the averages of the outputs for this scenario are less than the baseline average, the
sign of the MTBF input parameter estimates of both the main-effects models for the
average proportion of aircraft that are mission capable and the average proportion of
missions accomplished are consistent with the change observed in this scenario.
Figure 48: Scenario 5 - Failure Rate: Average Proportion of Aircraft that are Mission
Capable
Figure 49: Scenario 5 - Failure Rate: Average Proportion of Missions Accomplished
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The sixth scenario re-investigates the effect of changing the number of aircraft
that are at the base; however, a major event representing an attack on the base will
be used to change the number of aircraft that are at the base. On day 15, 15 aircraft
will be damaged and 2 aircraft will be destroyed; thus, the number of aircraft that are
at the base will decrease. The green line shows the effect of destroying and damaging
aircraft in Figure 50 and Figure 51 for the average proportion of aircraft that are
mission capable and the average proportion of missions accomplished respectively.
The overall average proportion of aircraft that are missions capable for this scenario
is approximately 0.717 and the overall average proportion of missions accomplished is
approximately 0.993. Since the changes in the average outputs for both the average
proportion of aircraft that are mission capable and the average proportion of missions
accomplished compared to the baseline have decreased, the effect of changing the
number of aircraft that are at the base on the outputs observed is consistent with the
sign of the parameter estimates of the main effect models for the input of the number
of aircraft per wing.
Figure 50: Scenario 6 - Damage/Destroy Aircraft: Average Proportion of Aircraft
that are Mission Capable
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Figure 51: Scenario 6 - Damage/Destroy Aircraft: Average Proportion of Missions
Accomplished
The seventh scenario investigates the effect of changing the number of spares that
are kept on-site from 5 of each spare to 0 of each spare. The effect of removing spares
from the baseline scenario is shown in orange in Figure 52 and Figure 53 for the
average proportion of aircraft that are mission capable and the average proportion of
missions accomplished respectively. The overall average proportion of aircraft that
are mission capable decreased to approximately 0.556 from the baseline; the overall
average proportion of missions accomplished decreased to approximately 0.988 from
the baseline average of 1.000. The signs of the parameter estimates for the effect of
the number of spares in the main-effect models for the average proportion of aircraft
that are mission capable and the average proportion of missions accomplished are
consistent with the observed impacts in this scenario.
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Figure 52: Scenario 7 - Effect of Spares: Average Proportion of Aircraft that are
Mission Capable
Figure 53: Scenario 7 - Effect of Spares: Average Proportion of Missions Accomplished
Table 26 gives a summary comparing the sign of the coefficients of the main-effect
models to the impact of the changes to the inputs of the baseline scenario. The
table shows that the impact of each of the inputs observed in the investigations of
each scenario matched the sign of the coefficient of each of the main-effects models.
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This shows that even though some of the linear regression assumptions appeared to
be violated in the main-effect models for the average proportion of aircraft that are
mission capable and the average proportion of missions accomplished, the main-effect
models were still able to provide appropriate insight into how the inputs affected the
outputs of the simulation. Since the signs of the parameter estimates of the main-
effect models matched the intuitive positive or negative value and since the coefficient
analysis showed that the main-effects models did produce parameter estimates that
had positive or negative signs that matched the impact of the inputs observed in the
scenario investigation, the main-effects models are believed to be able to be used to
validate the behavior of the model.
Table 26: Coefficient Analysis: Summary of the Comparison of the Scenarios to the
Baseline
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4.4 Analysis of MTBF Inequality
Previously, Equation (23) was derived to determine the minimum MTBF required
to ensure that the expected number of failures in a period did not exceed the expected
number of repairs in a period for a specific set of inputs to the simulation. Using this
inequality, an equation is produced that relates the inputs to one other such that
the expected number of failures in a period is the same as the expected number of
repairs in a period, as shown in Equation (26). Since the original inequality that was
derived focused on the MTBF input variable so that an appropriate input space for
the validation experiment could be used, this section will explore the predictability
of the average aircraft availability using the MTBF as the dependent variable, given
that all other inputs are known, to show whether or not the approach to determine a








This equation can be used to determine the inputs to the simulation that will
maintain a specified average aircraft availability. The example that will demonstrate
the capability of this equation in this section will be the task to determine the lower
boundary of the input range of the MTBF that was used to create the experiments
to validate the behavior of the simulation. The other inputs, which will be held
constant, will be the combination of inputs that yield the worst-case scenario of
the experimental design used to validate the behavior of ENIGMA. This worst-case
scenario combination within the input ranges identified in Table 23 would be 18 total
aircraft in the simulation, 45 daily missions, a MTTR of 10 hours, a maximum of 1
aircraft that can be repaired at any given time, and a mission duration of 8 hours
each mission. Setting the input of the number of missions to 45 will ensure that
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each mission capable aircraft will fly a sortie each period because the number of
mission capable aircraft in the system will never exceed 45 aircraft in this scenario.
Equation (26) was based on the assumption that each aircraft can fly a maximum of
one sortie each period; thus, excess missions will not be flown. Additionally, since
attrition rate is not accounted for in the development of Equation (26), the attrition
rate of each mission will be set to 0 to ensure that attrition does not occur. Figure 54
illustrates how changing the MTBF affects the expected number of aircraft availability
for the defined worst-case scenario described above.
Figure 54: Plotting E(F) = E(R) to relate MTBF to Average Aircraft Availability
Figure 54 shows the predicted relationships between the MTBF and the average
aircraft availability for the worst-case scenario described above. The dashed red line is
the lower bound for average available aircraft in this scenario. This boundary occurs
because the rate of repair is able to maintain a certain average aircraft availability
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even if an aircraft is guaranteed to have a part failure each mission. In this case,
Figure 54 has a red dashed line is above 2 aircraft, which means that there are no
MTBF values that will be able to maintain an average aircraft availability of 2 or less
for this scenario.
This scenario was run on each of the possible MTBF values that was predicted to
maintain an integer level of average aircraft availability. The input files were created
to satisfy the assumptions used to develop Equation (26). There were 50 replications
for each test, each running for 100 periods (days) with a 20 period (day) warm-up
period to remove the initialization bias. The output data obtained was the average
aircraft availability throughout each replication. Figure 55 shows the box plots of
each of the outputs of each run on top of the predicted average aircraft availability.
The boxplot levels are the 25% percentile, the median, the 75%, and the wiskers
that indicate the farthest point within 1.5 times the inter-quartile length from the
quartiles.
In this particular plot, the predicted average aircraft availability appears to deviate
from the experimental outputs; however, since the predictions are very close to the
recorded outputs for the lower average aircraft availability, the deviation was not a
concern for determining the lower boundary of the MTBF range for the experiment
used to validate the model. Additionally, although the predicted values deviate from
the outputs, this example anecdotally supports the idea that Equation (26) may be
used to predict the average aircraft availability in a simulation when the inputs satisfy
the assumptions used to derive Equation (26) because the predicted values were within
the whiskers of each of the boxplots. However, further testing must be done before
Equation (26) is used for such predictions of other scenarios because the deviation
shows that the equation does not perfectly represent the output of the simulation.
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Figure 55: Testing Varying Levels of MTBF
4.5 Operational Testing: A Few Examples
This section will demonstrate examples of possible operational scenarios that the
user can model using ENIGMA. The seven scenarios that were chosen as examples
will show the effect of changing operational environments on the average aircraft avail-
ability and the number of missions accomplished throughout the simulation. Each
scenario is run for 50 days in the simulation with 25 replications. Each scenario
explores changing a selected parameter to demonstrate its effect on the aircraft avail-
ability and number of missions accomplished in the specific operational scenario. The
different baseline and excursions of each scenario are deliberately chosen to demon-
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strate the effect of changing input parameters. Each of the individual excursions
follow the same inputs as the baseline scenario, except for the specified parameter
being explored. In each scenario, it is assumed that aircraft are able to fly multiple
missions in a single period and each mission requires a single aircraft. Each scenario
will produce two plots: one displaying the average aircraft availability and the other
displaying the average number of sorties flown throughout the operational scenario.
The plots also display the 95% confidence intervals of the mean for the outputs to
emphasize the change in the outputs. To save space in the plots, the term Excur-
sion will be replaced by the term Test in each of the output plots for all operational
scenario examples being explored.
4.5.1 Scenario 1: Number of Missions
In this scenario, the effects of changing the number of missions that are scheduled
each day is demonstrated. This scenario is shown because the user is able to select
when and how many missions occur; thus, it may be interesting to observe the effect
of the number of missions on the average aircraft availability and the average number
of missions flown.
Baseline Scenario and Excursions
Table 27 shows the parameter values of the inputs that define the baseline scenario.
Table 28 identifies the changes to the baseline that are done to demonstrate the effects
of changing the number of missions during the operational scenario. The baseline
scenario has a stationary 24 missions each period. Excursion 1 increases the number
of daily missions from 24 to 35 on day 10 and then decreases the number of daily
missions from 35 back to 24 on day 25. Excursion 2 increases the number of daily
missions from 24 to 50 on day 10, then decreases the number of daily missions from
50 to 35 on day 25, and then decreases the number of daily missions from 35 back to
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24 on day 35. Excursion 3 increases the number of daily missions from 24 to 75 on
day 10, then decreases the number of daily missions from 75 to 50 on day 25, then
decreases the number of daily missions from 50 to 35 on day 25, and then decreases
the number of daily missions from 35 back to 25 on day 40.
Table 27: Baseline Properties Scenario 1
Property Value
Number of Aircraft at this Base 24
Number of Single Aircraft Missions
Each Day
24
Duration of Each Mission 4 hours
Attrition Rate of Each Mission 0.001
Types of Failures
Engine:
- Proportion of Failures: 0.08
-Number of Spares: 0
-Time to replace Spare: 12 Days
Other:
-Proportion of Failures: 0.92
-Number of Spares: 0







Table 28: Scenario 1 Excursion
Day of Event Excursion 1 Excursion 2 Excursion 3
10
Increase number of
daily missions to 35
Increase number of
daily missions to 50
Increase number of
daily missions to 75
25
Decrease number of
daily missions to 24
Decrease number of
daily missions to 35
Decrease number of
daily missions to 50
35 N/A
Decrease number of
daily missions to 24
Decrease number of
daily missions to 35
40 N/A N/A
Decrease number of
daily missions to 24
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Results
Figure 56 and Figure 57 show the averages and the 95% confidence intervals of the
mean of the aircraft availability and the number of sorties flown throughout scenario
1. As noted in Table 28, the number of missions are increased to a larger number in
each excursion. Figure 57 shows that when the quantity of missions increased, the
number of sorties flown also increased; however, the demonstration does show that
there is a limit to the number of sorties that can be flown in a single period. As the
number of missions each period increases from 24 daily missions to 35 daily missions in
excursion 1, the quantity of aircraft are able to successfully handle all of the additional
sorties even with the decrease in aircraft availability shown in Figure 56.
Figure 56: Scenario 1 Excursions: Aircraft Availability
In contrast, both excursion 2 and excursion 3 show that the aircraft are able to
handle the increased number of missions for the first day, but are not able to sustain
the high number of missions since the aircraft availability was too low to complete
the additional number of sorties. This limit to the number of sorties that can be
flown is the cause of these two excursions maintaining the same aircraft availability
and number of missions accomplished betweeen days 10 to 25. The quantity of avail-
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Figure 57: Scenario 1 Excursions: Sorties Flown
able aircraft are able to fly a limited number of missions in a single day because the
simulation accounts for the duration of each mission. Overall, the scenario demon-
strates that increasing the number of missions will decrease the aircraft availability
and increase the number of sorties flown while there is enough aircraft and time to
fly all of the missions.
4.5.2 Scenario 2: Attrition Rates
Each mission has a specified attrition rate that indicates the probability that an
aircraft will no longer be usable for the remainder of the simulation. These excursions
run the same mission sequence as the baseline, except that the attrition rate of each
mission will be different for each excursion. The purpose of these excursions is to
observe the effect of large attrition rates.
Baseline and Excursions
Table 29 shows the inputs of the baseline scenario. Table 30 identifies the changes
to the baseline to demonstrate the effects of changing attrition rates of each mission.
The excursions are chosen to demonstrate the effect of increasing the attrition rate of
each mission in the operational scenario. Each mission of the baseline has an attrition
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rate of 0.001; each mission of excursion 1 has an attrition rate of 0.01; each mission
of excursion 2 has an attrition rate of 0.03; and each mission of excursion 3 has an
attrition rate of 0.1.
Table 29: Baseline Properties Scenario 2
Property Value
Number of Aircraft at this Base 24
Number of Single Aircraft Missions
Each Day
35
Duration of Each Mission 4 hours
Attrition Rate of Each Mission 0.001
Types of Failures
Engine:
- Proportion of Failures: 0.08
-Number of Spares: 0
-Time to replace Spare: 12 Days
Other:
-Proportion of Failures: 0.92
-Number of Spares: 0







Table 30: Scenario 2 Excursions





Figure 58 and Figure 59 show the effects of increasing the attrition rate of each
mission. Figure 58 clearly shows that the rate of aircraft loss increases as the attrition
rate increases; consequently, the number of sorties flown decreases as a result of
decreases in the number of mission capable aircraft. The slope of the decrease of the
aircraft availability becomes less steep over time because less missions are able to be
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flown with fewer mission capable aircraft, which reduces the total number of possible
failures and aircraft losses each period.
Figure 58: Scenario 2 Excursions: Aircraft Availability
Figure 59: Scenario 2 Excursions: Sorties Flown
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4.5.3 Scenario 3: Flying Aircraft to Another Base
Aircraft are able to fly from one base to another base in ENIGMA. This scenario
demonstrates the effect of flying a variety of number of aircraft from one base to
another base. One of the bases in this scenario will be flying missions that have high
attrition rates; thus, the average aircraft availability at the base will quickly decrease.
The excursions will demonstrate the effect of increasing the number of aircraft that
are flown from one base to another base experiencing a high level of attrition.
Baseline and Excursions
Table 31: Baseline Properties Scenario 3
Property Value
Number of Aircraft at this Base 24
Number of Single Aircraft Missions
Each Day
35
Duration of Each Mission 4 hours
Attrition Rate of Each Mission 0.001
Types of Failures
Engine:
- Proportion of Failures: 0.08
-Number of Spares: 0
-Time to replace Spare: 12 Days
Other:
-Proportion of Failures: 0.92
-Number of Spares: 0







Table 31 shows the inputs of the baseline scenario. Table 32 identifies the changes
to the baseline that are done to demonstrate the effects of changing the number of
aircraft that are sent to reinforce the base experiencing a high attrition rate. The
baseline is set so that no aircraft are sent to reinforce the base experiencing a high
level of attrition; excursion 1 sends 10 aircraft to the base experiencing a high level
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of attrition on day 10; excursion 2 sends 20 aircraft to the base experiencing a high
level of attrition on day 10; and excursion 3 flies 30 aircraft to the base experiencing
a high level of attrition on day 10. In each of the individual excursions, an increasing
quantity of aircraft are flown from one base to another base that is experiencing
missions with a high level of attrition as shown in Table 32.
Table 32: Scenario 3 Excursions
Day of Event Excursion 1 Excursion 2 Excursion 3
Day 10
Fly 10 aircraft from
one base to the base
of interest. Mission
details of this transfer:
Duration: 5 hours
Attrition Rate: 0.001
Fly 20 aircraft from
one base to the base
of interest. Mission
details of this transfer:
Duration: 5 hours
Attrition Rate: 0.001
Fly 30 aircraft from
one base to the base
of interest. Mission




The baseline of this scenario has a high attrition rate set for each of its missions
as shown in Table 31. This results in the aircraft availability of this scenario to
approach zero very quickly as shown in Figure 60. Figure 60 shows that the aircraft
that reinforce the base arrive on Day 10 of the simulation, but once again are quickly
lost to attrition as they fly sorties. As expected, Figure 61 demonstrates that as the
number of aircraft that are reinforce the base experiencing a high level of attrition
increases, the number of periods that the aircraft are able to fly all of the missions
increases as well. This shows that there is a benefit to having a large quantity of
aircraft. Most importantly, this scenario demonstrates the ability of aircraft to fly to
different bases in ENIGMA.
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Figure 60: Scenario 3 Excursions: Aircraft Availability
Figure 61: Scenario 3 Excursions: Sorties Flown
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4.5.4 Scenario 4: Mean Time To Repair
This scenario demonstrates the effect of changing the value of the MTTR at some
point during the simulation. The MTTR will increase to show a reduction in the
rate of repairing damaged aircraft. A change in the MTTR in this simulation can
represent a change to the maintenance system. These changes could occur for many
reasons including the loss of maintenance personnel or the even structural changes to
the maintenance process. Although these are two examples may be reasons for why
the MTTR could change, there are many other reasons why the maintenance process
could be affected.
Baseline and Excursions
Table 33: Baseline Properties Scenario 4
Property Value
Number of Aircraft at this Base 24
Number of Single Aircraft Missions
Each Day
20
Duration of Each Mission 6 hours
Attrition Rate of Each Mission 0.001
Types of Failures
Engine:
- Proportion of Failures: 0.08
-Number of Spares: 0
-Time to replace Spare: 12 Days
Other:
-Proportion of Failures: 0.92
-Number of Spares: 0








Table 33 shows the values of the inputs that define the baseline scenario. Ta-
ble 34 identifies the changes to the baseline that are done to demonstrate the effects
of changes to the maintenance system. All changes to the maintenance system repre-
sented in each excursion negatively impact the MTTR; thus, the MTTR will increase
in each excursion representing a decrease in the rate of repair of damaged aircraft.
Table 34: Scenario 4 Excursions









Table 33 and Table 34 show that the baseline has an MTTR of 3 hours; excursion
1 changes the MTTR from 3 hours to 9 hours on day 10; excursion 2 changes the
MTTR from 3 hours to 12.5 hours on day 10; and excursion 3 changes the MTTR
from 3 hours to 20 hours on day 10. Figure 62 shows that before the change in MTTR,
each of the excursions appeared to have the same aircraft availability. This makes
sense because all of the excursions are the same prior to the changes in the MTTRs
on day 10. Figure 63 also shows the number of mission capable aircraft are able to fly
all of its missions before the change in MTTR since the repair rate was fast enough
to maintain an adequate level of aircraft availability. Decreasing the rate of repair
results in both the aircraft availability to decrease and the number of sorties flown
to decrease. This decrease in aircraft availability and the decrease in the number of
sorties flown is a result of the decrease in the repair capability, which means that
aircraft will not be able to recover as quickly from part failures.
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Figure 62: Scenario 4 Excursions: Aircraft Availability
Figure 63: Scenario 4 Excursions: Sorties Flown
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4.5.5 Scenario 5: Mean Time Before Failure
This scenario demonstrates the effect of changes to the MTBF on the average
aircraft availability. Initially, the MTBF will be a certain level, but the MTBF will
change to varying new MTBF values to show how a change in MTBF can affect the
average aircraft availability. The MTBF can change for a variety of reasons including
changes to the operational environment. Changes to the operational environment
can affect the MTBF because the different conditions can affect the stress on aircraft
parts resulting in changes to the rates of failures.
Baseline and Excursions
Table 35: Baseline Properties Scenario 5
Property Value
Number of Aircraft at this Base 24
Number of Single Aircraft Missions
Each Day
24
Duration of Each Mission 6 hours
Attrition Rate of Each Mission 0.001
Types of Failures
Engine:
- Proportion of Failures: 0.08
-Number of Spares: 0
-Time to replace Spare: 12 Days
Other:
-Proportion of Failures: 0.92
-Number of Spares: 0







Table 35 shows the parameter inputs that define the baseline scenario. Table 36
identifies the changes to the baseline that are done to demonstrate the effects of
changing the MTBF during the operational scenario. The MTBF of the baseline
scenario is set to 45 hours; the MTBF of excursion 1 is changed from 45 hours to 35
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hours on day 10; the MTBF of excursion 2 is changed from 45 hours to 25 hours on
day 10; and the MTBF of excursion 3 is changed from 45 hours to 18 hours on day
10.
Table 36: Scenario 5 Excursions









Decreasing the MTBF is equivalent to increasing the failure rate of aircraft. Fig-
ure 64 shows that the aircraft availability increases as the MTBF increases and this
increase in aircraft availability results in the increase of the number of sorties flown
as shown in Figure 65. Although the number of sorties flown increases with air-
craft availability, the number of sorties flown cannot exceed the number of missions
assigned that day. This is why the number of sorties flown does not exceed the sched-
uled number of daily missions as the MTBF increases. These excursions show that
the rate of failure of aircraft components can impact aircraft availability.
Figure 64: Scenario 5 Excursions: Aircraft Availability
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Figure 65: Scenario 5 Excursions: Sorties Flown
4.5.6 Scenario 6: Damage/Destruction of Base Aircraft
This scenario is used to demonstrate an event that results in damaged and de-
stroyed grounded aircraft. There are many events that can result in grounded aircraft
being damaged and destroyed. These events includes extreme environmental events
and adversarial attacks. In this scenario, a specified number of aircraft are damaged
by the event and a specified number of aircraft are destroyed by the event. The
damaged aircraft are able to be repaired, but are not mission-capable until they are
repaired. Additionally, aircraft that are already damaged prior to the event and are
selected to be damaged will not be affected since the simulation assumes that each
aircraft can have a maximum of one part failure at a time. The aircraft that are
selected to be destroyed are removed from the simulation.
Baseline and Excursions
Table 37 shows the values of the inputs that define the baseline scenario. Table 38
identifies the changes to the baseline that are done to demonstrate the effects of
changing the ratio of aircraft that are damaged and destroyed during the event that
occurs in the operational scenario. The baseline scenario does not experience any
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event that results in the damage and destruction of grounded aircraft. Excursion
1 experiences an event on day 15 that results in 15 aircraft being damaged and 2
aircraft being destroyed. Excursion 2 experiences an event on day 15 that results in 8
damaged aircraft and 9 destroyed aircraft. Excursion 3 experiences an event on day
15 that results in 2 damaged aircraft and 15 destroyed aircraft.
Table 37: Baseline Properties Scenario 6
Property Value
Number of Aircraft at this Base 24
Number of Single Aircraft Missions
Each Day
35
Duration of Each Mission 4 hours
Attrition Rate of Each Mission 0.001
Types of Failures
Engine:
- Proportion of Failures: 0.08
-Number of Spares: 0
-Time to replace Spare: 12 Days
Other:
-Proportion of Failures: 0.92
-Number of Spares: 0







Table 38: Scenario 6 Excursions









In each excursion, the number of aircraft that are targeted are all the same, but
since each excursion has a different proportion of aircraft being damaged, the recov-
eries of each of the excursions will be different. Figure 66 shows how the availability
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of aircraft changes as a result of the event. The aircraft availability reaches a low
point on Day 15 as a result of the event, but the aircraft availability recovers once
the maintenance is able to repair the damaged aircraft. Figure 66 shows that as
the proportion of aircraft targeted are destroyed increases, the aircraft availability
recovers to a smaller number of aircraft availability. This is because the aircraft that
are destroyed are no longer usable resulting in less aircraft being in the system. This
scenario shows that losing aircraft can significantly impact the bases operational ca-
pability by decreasing the number of aircraft available to fly missions, as shown in
Figure 67.
Figure 66: Scenario 6 Excursions: Aircraft Availability
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Figure 67: Scenario 6 Excursions: Sorties Flown
4.5.7 Scenario 7: Logistics (Access to New Spares)
This scenario is used to demonstrate when logistics are cut off to a base such that
new spares are unable to arrive at the base. This scenario could occur for a variety
of reasons including an adversarial action or manufacturing issues. In this situation,
new spares may be ordered, but until the logistics are accessed again, the base will
only be able to use spares that are already at the base to repair aircraft. This scenario
has a set cutoff date when new spares will no longer be accessible, and the parameter
that will be varied are the number of spares that are maintained at the base.
Baseline and Excursions
Table 39 shows the inputs of the baseline scenario. Table 40 identifies the changes
to the baseline that are done to demonstrate the effects of increasing the number of
on-site spares stored in the event of a logistical cutoff. The logistical cutoff begins
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on day 15 and new spares will not be able to be accessible again until day 40. The
baseline scenario has zero spares for each of the types of failures; excursion 1 has 5
spares for each type of failure; excursion 2 has 10 spares for each type of failure; and
excursion 3 has 20 spares for each type of failure.
Table 39: Baseline Properties Scenario 7
Property Value
Number of Aircraft at this Base 24
Number of Single Aircraft Missions
Each Day
20
Duration of Each Mission 4 hours
Attrition Rate of Each Mission 0.001
Types of Failures
Engine:
- Proportion of Failures: 0.08
-Number of Spares: 0
-Time to replace Spare: 12 Days
Other:
-Proportion of Failures: 0.92
-Number of Spares: 0







Day 15: Cut Off Logistics
Day 40: Regain Access to Logistics
Table 40: Scenario 7 Excursions





This scenario demonstrates the effect of increasing the number of spares on hand
in the event of a logistical cut off that prevents obtaining new spares. Figure 68
shows that increasing the number of spares increases the aircraft availability. The
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Figure 68: Scenario 7 Excursions: Aircraft Availability
Figure 69: Scenario 7 Excursions: Sorties Flown
three excursions also show that in situations where there is not a logistical cut off
(Days 1 through 15), increasing the number of spares does not necessarily improve
the aircraft availability since each excursion maintains similar aircraft availability as
one another; however, all the excursion show that any number of spares is better
than no spares since they all maintain higher aircraft availability than the baseline
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that had zero spares. This limit of impact is shown between days 1 through 15 since
additional spares maintain the same level of aircraft availability. When the logistical
cut off does occur, increasing the number of spares increases the aircraft availability
throughout the periods when new spares are inaccessible. Figure 69 appears to show
that spares can significantly buffer the effect of the logistical cut off. This is especially
true when observing excursion 3 because although Figure 68 shows that the aircraft
availability drops rather quickly in the cutoff, Figure 69 shows that there isn’t a huge
decrease in the proportion of missions flown. This is emphasized especially on Day
40 for excursion 3 because the percent of missions that are flown is greater than
50% despite the aircraft availability being less than 20% of the total aircraft. This
scenario shows that although spares may not be able to always maintain a high aircraft
availability in a logistical cutoff, spares may have a large impact on maintaining the
number of missions that can be accomplished.
4.6 Effects of Including Turnaround Time
The version of ENIGMA that is discussed in this paper assumes that there is
no turnaround time between missions. This means that the preparation of aircraft
and the minor maintenance that may take place in between missions is not modeled.
It would be beneficial to examine the effects of including turnaround time on the
outputs of the model. To demonstrate the effect of including turnaround time, each
operational scenario from section Operational Testing: A Few Examples will be rerun
with a specified turnaround time between each mission. Once again, each excursion
has 25 replications and is run for 50 days (periods). All of the parameter inputs from
the original scenarios will be used in these reruns, except that a turnaround time will
also be included.
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4.6.1 Expectations of Turnaround Time
The expectation of including turnaround times in the model is that the turnaround
times between each mission will not affect the aircraft availability nor the number
of missions flown as long as the turnaround times do not interfere with how many
missions can be flown. For example, if an aircraft flies three two-hour missions each
period, the aircraft would fly six hours total that period under the current model.
If a turnaround time of 3 hours was included, then the total time used to prepare
and fly the missions would be 15 hours, which is less than the 24 hour limit. Since
the time limit is not exceeded, the aircraft would be able to continue flying all of the
scheduled missions and the output would not affect the aircraft availability nor the
quantity of missions accomplished. It is expected that the turnaround times would
only begin to have an effect on aircraft availability and the number of sorties flown
when the turnaround times begin to limit the number of missions that can be flown.
Table 41: Turnaround Times Simulation Inputs (No effect)
Property Value
Number of Aircraft at this Base 18
Number of Single Aircraft Missions
Each Day
18
Duration of Each Mission 2.5 hours
Attrition Rate of Each Mission 0.001
Types of Failures
Engine:
-Proportion of Failures: 0.08
-Number of Spares: 0
-Time to Replace Spare: 12 Days
Other:
-Proportion of Failures: 0.92
-Number of Spares: 0








Table 42: Turnaround Times Simulation Inputs (Effect)
Property Value
Number of Aircraft at this Base 18
Number of Single Aircraft Missions
Each Day
45
Duration of Each Mission 4.5 hours
Attrition Rate of Each Mission 0.001
Types of Failures
Engine:
-Proportion of Failures: 0.08
-Number of Spares: 0
-Time to Replace Spare: 12 Days
Other:
-Proportion of Failures: 0.92
-Number of Spares: 0







Example scenarios demonstrating this behavior are shown in Table 41 and Ta-
ble 42. Both of these scenarios show how changing turnaround times may affect the
average aircraft availability and the average number of sorties flown. Table 41 is a
scenario where the turnaround time does not affect the aircraft availability nor how
many missions are flown, as shown in Figure 70 and Figure 71, respectively. Although
low turnaround times do not affect the aircraft availability nor the sortie generation
of the scenario described by Table 41, Figure 72 and Figure 73 show that even small
turnaround times significantly affect the aircraft availability and sortie generation in
the scenario described by Table 42. As expected, as the turnaround time increases
between missions, the average aircraft availability increases and the average number
of missions flown decreases in scenarios where the turnaround times impact the num-
ber of missions that can be flown. The effect that the turnaround times can have
on the aircraft availability and the sortie generation is the reason why it would be
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beneficial to include turnaround times into future versions of ENIGMA. The following
sections will show how turnaround times change the output results of the operational
scenarios previously investigated.
Figure 70: Aircraft Availability: Turnaround Time No Effect
Figure 71: Number of Missions Flown: Turnaround Time No Effect
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Figure 72: Aircraft Availability: Turnaround Time with Effect
Figure 73: Number of Missions Flown: Turnaround Time with Effect
4.6.2 Scenario 1
Figure 74 and Figure 75 show the aircraft availability and the number of sorties
flown for the operational scenario 1 with an added turnaround time of 5 hours between
each mission. Comparing Figure 56 to Figure 74 shows that the difference in aircraft
availability of each excursion decreased when turnaround time was included. This
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may be a result of the turnaround time reducing the number of sorties that could
be flown, as shown in Figure 75. Figure 57 shows that when turnaround times are
not included, a greater number of sorties can be flown for this scenario. Thus, the
turnaround time had an impact on the aircraft availability and sortie generation of
this scenario because it reduced the number of missions that could be flown.
Figure 74: Operational Scenario 1 With Turnaround Time: Aircraft Availability
Figure 75: Operational Scenario 1 With Turnaround Time: Number of Sorties Flown
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4.6.3 Scenario 2
Under careful examination of Figure 76 and Figure 58, a 4 hour turnaround time
increases the aircraft availability in operational scenario 2. This is a result of flying
less sorties which can be seen in the comparison of Figure 77 and Figure 59. Although
the aircraft availability is increased as a result of the turnaround time, the aircraft
are still quickly lost due to the high attrition rates of each mission.
Figure 76: Operational Scenario 2 With Turnaround Time: Aircraft Availability
Figure 77: Operational Scenario 2 With Turnaround Time: Number of Sorties Flown
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4.6.4 Scenario 3
Including a turnaround time of 4 hours in operational scenario 3 appears to also
have an impact on aircraft availability and sortie generation. Comparing Figure 78
to Figure 60 shows that including the turnaround time slightly increases the aircraft
availability. This increase in aircraft availability slightly increases the number of
days that all of the scheduled missions are able to be flown as shown by comparing
Figure 79 to Figure 61.
Figure 78: Operational Scenario 3 With Turnaround Time: Aircraft Availability
Figure 79: Operational Scenario 3 With Turnaround Time: Number of Sorties Flown
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4.6.5 Scenario 4
Although there is a small change in the aircraft availability and the number of
sorties flown in operational scenario 4 when a 4 hour turnaround time is included,
the aircraft availability and the sortie generation appears to be very similar for this
operational scenario. This can be seen by comparing Figure 80 with Figure 62 and
Figure 81 with Figure 63, respectively. In this operational scenario, the duration
of each mission is 6 hours, which means that an aircraft would only be able to fly
four missions each day if there was no turnaround time included. If a four hour
turnaround time is included, then each aircraft could fly a maximum of two sorties
per day. Figure 58 shows that even with excursion 3 showing an aircraft availability
of about 3-4 aircraft, only about 10 sorties are being completed each day. This means
that each aircraft is flying about 2-3 missions each period in this scenario when
turnaround time is not included. If turnaround time is included, then this scenario
would only allow each aircraft to be able to fly 2 sorties each day, which is not much
smaller than the 2-3 sorties per day when turnaround time is not included. This
small impact of the turnaround time in this scenario explains why the only apparent
difference between the aircraft availability and the number of sorties flown occurs in
excursion 3 of this scenario.
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Figure 80: Operational Scenario 4 With Turnaround Time: Aircraft Availability
Figure 81: Operational Scenario 4 With Turnaround Time: Number of Sorties Flown
118
4.6.6 Scenario 5
Including a four hour turnaround time in operational scenario 5 increases the
aircraft availability and slightly decreases the number of sorties flown compared to
when the turnaround time is not included. This can be seen by comparing Figure 82
with Figure 64 and Figure 83 with Figure 65, respectively.
Figure 82: Operational Scenario 5 With Turnaround Time: Aircraft Availability
Figure 83: Operational Scenario 5 With Turnaround Time: Number of Sorties Flown
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4.6.7 Scenario 6
Comparing Figure 84 to Figure 66 shows that incorporating a four hour turnaround
time into operational scenario 6 increases the aircraft availability. As expected, this
increase in aircraft availability is a result of flying less sorties, which can be seen by
comparing Figure 85 with Figure 67, respectively.
Figure 84: Operational Scenario 6 With Turnaround Time: Aircraft Availability
Figure 85: Operational Scenario 6 With Turnaround Time: Number of Sorties Flown
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4.6.8 Scenario 7
Comparing Figure 86 to Figure 68 shows that including an eight hour turnaround
time increases the aircraft availability in this scenario; similarly, comparing Figure 87
with Figure 69 shows that including this turnaround time also decreases the number
of sorties that are flown. Note that the turnaround time was chosen to be very large
when included in this operational scenario. While the turnaround time may be large,
it shows that the impact of turnaround times may vary depending on the operational
scenario. This can also be seen in this scenario since the turnaround time had a
greater impact on excursion 3 of this scenario than on either excursion 1 or excursion
2 of this scenario.
Figure 86: Operational Scenario 7 With Turnaround Time: Aircraft Availability
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Figure 87: Operational Scenario 7 With Turnaround Time: Number of Sorties Flown
4.6.9 Summary
Rerunning the operational scenarios with turnaround times shows that turnaround
times can impact the aircraft availability and the sortie generation. However, these
scenarios also showed that the extent the turnaround time can have on the aircraft
availability and the number of sorties flown is dependent on the operational scenario.
This investigation indicates that turnaround times should be included in the future
versions of ENIGMA.
4.7 Run-time Testing
For this simulation tool to be practical, it must be able to run quickly where
implemented. The methodology used to test the speed of the simulation tool was
to create an experimental design using a nearly-orthogonal latin hypercube design.
This design is shown in Table 46 of Appendix A. The input variables included in this
experimental design are the same as the experimental design used to validate that
the simulation behaved as expected. However, this experimental design includes three
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additional input variables. The three additional variables included in this experiment
are the number of days, the number of runs, and an indicator variable that labeled
”separate missions”. The number of days is a variable indicating how many days
(periods) will be in the simulation. The number of runs indicates the number of
replications that are run. The binary indicator variable labeled ”separate missions”
indicates whether or not missions are separated into individual missions prior to
running the simulation. Three replications were run for each of the tests in the
experimental design. JMP 15.0 was used to produce a linear regression model relating
the inputs of the experimental design to the run time.
The structure of the regression equation that was used to fit the model is shown
in Equation (25). In order for this linear regression model to reliably represent the
relationship between the inputs and the run-time of the simulation it must satisfy a
few assumptions. The first assumption is that there is a linear relationship between
the regressor variables and the response variables. The second assumption is that the
residuals of the model are independent of one another, are well-behaved with a mean
of zero. The third assumption is that the residuals have constant variance and that
there is no auto-correlation. The experiment was run using MATLAB 2019b with a
laptop computer with a 2.3 GHz Intel Core i5 processor and with memory of 16 GB
1600 MHz DDR3. The time that the simulation takes to run is measured in seconds.
4.7.1 Run-Time Regression Model
The adjusted-R2 shown in the summary of fit in Figure 88 indicates that the
amount of time that a simulation takes to run can be explained by the inputs to the
model. The parameter estimates of the regressors shown in Figure 89 all have the
expected positive and negative impact showing that the regressors impact the run
time of the simulation as expected. The VIF scores of the parameter estimates are all
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close to one, indicating that multicolinearity is not a concern in the model. Figure 90
shows that the three regressors that have the most impact in the model are the number
of days, number of runs (replications), and whether or not the missions are separated
into individual missions prior to the running the simulation. The fact that the number
of days in the simulation and the number of replications have the greatest effect on
the run time of the simulation makes sense because they determine how many periods
and how many times the simulation must run. The observed impact of separating
missions prior to running the simulation is also expected because it affects how many
missions must be processes each period; the extent of its impact on the run time of
the simulation will be investigated further.
Figure 88: Summary of Fit: Run Time
Figure 89: Parameter Estimates: Run Time
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Figure 90: Effects Summary: Run Time
Although Figure 91 shows that the residuals appear to be well-distributed and
have a mean close to zero, Figure 92 shows that the assumption that the residuals
have constant variance may be violated. This violation raises caution that the model
may be unreliable. A variance-stabilizing transformation of the response variable may
improve the model describing the relationship between it and the regressors.
Transformed Run-Time Regression Model
There are many transformations of the response variable that can be used to
attempt to improve the model. The Box-Cox method can be used to determine
an appropriate variance-stabilizing transformation of the response variable for the
model[23]. The method finds the value of λ̂ that minimizes the residual sum of
squares, SSE, of the regression model of the transformed response variable that is
defined in Equation (27). In Equation (27), y is the response variable prior to trans-






ẏ ln (y) λ̂ = 0
(27)
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Figure 91: Distribution of Residuals
Figure 92: Residuals: Run Time
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JMP 15.0.0 can calculate the optimal value for the Box-Cox transformation auto-
matically. JMP indicates that the optimal value for the transformation of this model
is λ̂ = 0.459. This value is very close to the value of 0.5; a λ̂ of 0.5 indicates that an
appropriate transformation of the response variable is the square-root function.
A linear regression model was made relating the inputs of experiment to the
square-root of the time it takes to run the simulation. Figure 93 shows that the
transformation improved the adjusted-R2 value of the model. Some of the parameter
estimates of this model shown in Figure 94 do not affect the run time of the simula-
tion with the expected positive or negative signs; however, many of these parameter
estimates are for regressors that are not signficant to the model. These regressors
include the attrition rate, the MTTR, the engine safety stock, the engine resupply
time, and the proportion of failures that are engine failures. These regressors are
only included in the model because they are included in interaction terms that are
significant to the model.
Figure 95 also shows that several of these terms with unexpected parameter es-
timates do not have a large effect on the run time of the simulation. As with the
regression model of the time, the three regressors that affect the run time the great-
est are the number of days, the number of runs, and the indicator variable indicating
whether or not the missions are separated into single aircraft missions prior to running
the simulation. Additionally, the residuals of this transformed model now satisfies the
assumptions needed to declare reliability of the model because there is constant vari-
ance in the residuals and the residuals follow a well-behaved distribution with a mean
approximately equal to zero as shown in Figure 97 and Figure 96 respectively. Al-
though it may be difficult to see in Figure 97, Table 43 appears to indicate that may be
auto-correlation in this model; thus, this transformation may not perfectly represent
of the relationship between the input variables and the run time of the simulation.
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Figure 93: Summary of Fit:
√
RunTime
Figure 94: Parameter Estimates:
√
RunTime




Figure 96: Distribution of Residuals:
√
RunTime




Table 43: Durbin-Watson Statistical Test Results:
√
RunTime
Analysis of Effect of Separate Missions Input
Interesting insights from the output data of the run time experiment can also
be obtained by normalizing the run times by the respective number of days and the
number of replications of each test. This normalization is done by dividing the run
time by the product of the number of days and the number of replications that were
designated for that specific test. This distribution may provide insight into the the
run time of the simulation based on the number of days and the number of replications
chosen. Figure 98 shows the distribution of the normalized run times.
Figure 98 shows that 90% of the simulation run times took less than half of a
second per product of the number of days and the number of runs (replications).
Both Figure 90 and Figure 95 show that separating the missions into single-aircraft
missions prior to running the simulation has the third greatest effect on the run
time of the simulation. To verify that this difference is present, an experiment is
done to test if the run times normalized by the number of days and by the number of
replications are different for the methods of separating or not separating missions into
single-aircraft missions prior to running the simulation. Two experimental designs are
used, which are both equivalent except that one separates missions prior to running
the simulation and the other does not. These experimental designs are shown in
Table 47 and Table 48 in Appendix A. Each test in each of these experiments were
replicated three times. The distribution of the normalized run times of the experiment
with separating missions prior to the simulation runs is shown in Figure 99; the
distribution of the normalized run times of the experiment where missions were not
separated prior to running the simulation is shown in Figure 100. Figure 101 allows for
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Figure 98: Distribution: T ime
NumberofDays∗NumberofRuns
easier visual comparison of these distributions. Since the experimental designs were
equivalent, except for the indicator variable indicating whether or not to separate the
missions prior to running the simulation, Figure 101 visually shows that separating
the missions could have an impact on the time.
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Figure 99: Distribution (Separate Missions Prior): T ime
NumberofDays∗NumberofRuns
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Figure 101: Comparing Distributions (Separate or Not to Separate):
T ime
NumberofDays∗NumberofRuns
In order to make a claim that separating missions into single-aircraft missions
prior to running the simulation does affect the time it takes to run the simulation, a
statistical test must be done to show that the difference between the distributions is
statistically significant. Since the distributions of these outputs are not known, a non-
parametric test can be done to compare these two distributions. The Mann-Whitney
U-Test is a non-parametric statistical test that can be used to compare two indepen-
dent samples by testing the hypothesis that they are sampled from populations with
equal medians[24]. The hypothesis test is as follows:
Ho : ζ1 = ζ2
H1 : ζ1 6= ζ2
Where ζ1 and ζ2 are the medians of sample 1 and sample 2 respectively. The
134
p-value for this test of the distributions was p = 1.41 ∗ 10−63; this means that the
hypothesis test rejects the null hypothesis and the medians of the two distributions
are not equal for an α = 0.05. This result indicates that separating the missions
into separate single-aircraft missions prior to running the simulation will significantly
increase the amount of time the simulation takes to run. Even though separating
the missions prior to running the simulation significantly increased the run time,
Figure 99 shows that 99.5% of the data points took less than half of a second to run
per the product of the number of days and the number of replications. Figure 98
shows that the average time it takes to run the simulation per product of the number
of days and the number of replications is a quarter of a second. All of these run time
experiments verifies that this simulation tool can run quickly on a laptop computer
since the run time cost in terms of the number of days in the simulation and the
number of replications is small.
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V. Conclusions
This research developed a powerful stepwise simulation tool that can be used
for adjudication within long-duration logistical wargames. The simulation tool is
able to model many different operational scenarios and can display the expected
daily aircraft availability and the expected number of daily missions accomplished.
Verification was used to ensure that the model was coded properly and functions as
expected. Validation of the model was done to make sure that the simulation model
was well-behaved. Insights of the impact of inputs to the simulation were gleaned
from analysis of several operation scenarios. The simulation tool was shown to have
a short run time for a laptop computer.
The operational scenarios investigated demonstrated how some of the parameters
affect the daily aircraft availability and the daily number of missions accomplished.
The first scenario investigated the effect of the quantity of daily missions. The scenario
showed that increasing the number of missions decreases aircraft availability and
increases the number of sorties flown; however, the effect of increasing the quantity of
daily missions has a limit since there is each period has a limited amount of time to
fly missions. The second scenario showed that increasing the attrition rate resulted
in a faster rate of loss of aircraft. The third scenario showed that reinforcing a base
with additional aircraft increases the amount of available aircraft at the base. The
fourth scenario showed that increasing the MTTR decreases the aircraft availability
since increasing the MTTR decreases the rate of repair of damaged aircraft. The
fifth scenario showed that increasing the MTBF increases the aircraft availability
because it decreases the rate of failure. The sixth scenario showed that had an event
that suddenly damages and destroys aircraft can significantly impact the operational
capability of the base. Finally, the seventh operation scenario showed that increasing
the number of available spares improves the ability of the base to maintain a high
136
aircraft availability, resulting in an increase in the number of missions accomplished.
5.1 Future Work
There are many directions that future research can improve on this product. Cur-
rently, the repair rates are determined by an inputted MTTR; however, it would be
beneficial to determine an MTTR as a function of the maintenance personnel and
equipment that are available to perform maintenance.
As shown in the Results and Analysis section, including a turnaround time to
represent debriefing, re-arming of aircraft, and minor maintenance could improve the
realism of the model. Giving the user the ability to define a turnaround time for each
type of aircraft, which it will have to go through before it will be able to fly its next
mission, would be beneficial to the model.
Another future development that may be interesting to investigate is adding the
ability of aircraft to be disassembled for working spares that can be used to repair
other aircraft. This will add much more complexity to the simulation, but would
allow the user to be able to take working parts from a damaged aircraft to fix another
aircraft that needs that specific part.
Another future development may be to allow for different repair rates of different
parts. Currently, all parts are repaired at the same rate; however, it may be beneficial
to allow the user to specify the rates of repair for individual parts. It may also be
useful to allow different parts to fail at different rates. It may also be beneficial to
develop a feature that allows the user to determine if the part failure is based on
flight hours or based on frequency of use. For example, it may be better to model
the failure rate of landing gear as a function of the number of sorties that the aircraft
flies as opposed to being a function of flight hours. Additionally, future development
could also include a way to allow for multiple failures to occur on a single aircraft,
137
which would get rid of the strong assumption that an aircraft can only have a single
failure at any given time.
Another feature that would benefit the simulation tool is to create a version with
a parallel computing platform. This could greatly reduce the overall computation
time for simulations requiring many replications.
138
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